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TO AN IMPULSIVE RING LOAD 
OF ARBITRARY PULSE SHAPE 

by 

Carl K. Youngdahl 

ABSTRACT 

The problem of the deformation of a long, c i rcular , 
cylindrical shell made of a rigid, perfectly plastic mater ia l 
and subjected to an impulsive ring load is solved for arbi 
t r a ry pulse shapes. The principal result of the investigation 
is that the dynamic effect of the pulse shape is almost com
pletely character ized by its associated impulse and effective 
load (defined as the impulse divided by twice the mean time 
of the pulse). This is to say that details of the pulse shape 
and, in par t icular , its peak value are connparatively unim
portant in determining the history of the plastic deformation 
and the final shape of the shell. The implications for experi
mental work are encouraging, since the impulse and effective 
load are easily computed from a p ressure - t ime plot and are 
not strongly influenced by experimental inaccuracies . 

INTRODUCTION 

In nuc lear - reac tor safety analyses it is frequently important to es t i 
mate the plastic deformation of pipes and tubes in the reactor produced by 
small chemical, mechanical, or nuclear explosions. For example, proof 
tests of fuel-element prototypes are car r ied out in experimental loops in 
special testing reac tors in which the fuel elements to be tested are deliber
ately caused to fail. It is necessary to predict the extent to which the 
resultant localized re lease of energy will distort the test loop if damage to 
the reactor itself is to be avoided. Another example of reactor analysis 
pertaining to plastic distortion of tubes is the case of a coolant-flow block
age producing a localized fuel-elennent failure. The impulsive p ressu re 
may damage the fuel-assembly can, and this may lead to a more serious 
accident or , at the least, may jam the can into its neighbors, creating r e 
pair and removal problems. 

The nature of the energy-re lease phenomena in these applications 
is usually only crudely known, and out-of-pile simulations mockup only part 



nf a reactor . Corise~ 
of the complex nuclear and structural configurations o ^^ ^^^ t ime-shape 
quently, it would be advantageous to know what P'-°P^'^ elast ic deforma-
of an impulsive load are important in " i ^ ' - ^ j - ^ ^ ^ ^^^ ^ s one should know 
tion of a tube; m particular, for - p e r i m e n t a l a ^.cat^on ,^^^^^ ^^^ ^^^^_ 
what scaling and equivalence laws may be used ana no 
rate pressure- t ime measurements must be. 

, 1 
For a free-free beam made of a -g^^-plast ic mater ia l , Syrnonds 

compared the final deformations produced by triangular ^ - - - ' i - ; ^ f 
rectangular pulse shapes and postulated that pulses wi h the same to^al 
impulse and peak value had approximately the same effect. Hodge, how
ever, found for a reinforced circular cylindrical shell that this equ -a l ence 
was reasonably adequate if the yield load was greatly exceeded bu that the 
final deformations were strongly dependent on the pulse shape for "medium 
values of the load, which are of the same order of magmtude as the collapse 
load. In particular, he showed the deformation produced by an exponen
tially decaying pulse, which is a reasonable approximation to an actual ex
plosive load, differed significantly from that produced by a rectangular 
pulse with the same impulse and peak value. 

This report shows that, for a long, circular cylinder made of a rigid 
plastic material and acted on by an impulsive ring load, the final plast ic 
deformation is almost completely determined by the impulse and effective 
load associated with the pulse. The effective load is defined as the impulse 
divided by twice the time-mean of the pulse (the t ime-mean being the length 
of the interval between the time at which yielding occurs and the centroid 
of the pulse shape). This correlation has been found to be valid for expo
nentially decaying, triangular, rectangular, ramp, multisaw-toothed, and 
other widely varying pulse shapes. Both parameters a re easily determined 
from experimental pressure- t ime graphs, in contrast to the measurement 
of the peak load, which is strongly influenced by t ransducer inaccuracies . 

The dynamic plasticity problem treated here has been solved by 
Eason and Shield^ for the special cases of a rectangular pulse, for which 
they obtained a closed-form solution, and a tr iangular pulse, which they 
treated numerically. Their work is extended here to the consideration of 
arbitrary pulse shapes. An elaborate computer program was devised to 
numerically solve the resulting sets of coupled nonlinear differential equa
tions for any pulse-shape input. However, if the e r r o r involved in applying 
the two-parameter correlation is acceptable (and it is apparently less than 
the e r rors made in idealizing the mater ia l behavior), a semigraphical pro
cedure may be used in place of the computer analysis . 

The basic equations for the plastic deformation of a long tube acted 
on by an impulsive ring load are derived in Ref. 3 in considerable detail. 
A condensed version of this derivation is given in the next section to make 
this report reasonably self-contained. 



G E N E R A L EQUATIONS 

C o n s i d e r a long, c i r c u l a r , c y l i n d r i c a l t ube , m a d e of a r ig id , p e r 
fec t ly p l a s t i c m a t e r i a l and loaded by an i n t e r n a l p r e s s u r e P ( Z , T ) , w h e r e 
Z and T a r e ax ia l c o o r d i n a t e and t i m e . The u s u a l s h e l l - t h e o r y a s s u m p 
t ions a r e e m p l o y e d s u c h that s t r e s s d i s t r i b u t i o n s a c r o s s the she l l t h i ck 
n e s s a r e r e p l a c e d by t h e i r r e s u l t a n t s pe r unit c i r c u m f e r e n t i a l l ength a s in 
F i g . 1. The equa t i ons of m o t i o n of the she l l can be e x p r e s s e d in t e r m s of 
the a x i a l bending m o m e n t M, the r a d i a l s h e a r fo rce Q, the c i r c u m f e r e n t i a l 
f o r c e N, the r a d i a l ve loc i t y V, and the r a d i a l d i s p l a c e m e n t U. Define 
d i m e n s i o n l e s s q u a n t i t i e s by 

(RH) 1/2' 

N 

OyH 

— 
To' 

q = 
Q R 1/2 

U R p 

,HT? 

V R p 

OyH'/^ 
a n d 

PR 
OyH' 

4M 

OyH' 
(1) 

w h e r e R 
a and p 
c n a r a c t e r 
a r e then 

and H a r e the r a d i u s and t h i c k n e s s , of the she l l as shown in F i g . 2, 
a r e i t s y ie ld s t r e s s and s u r f a c e dens i t y , and TQ is a t i m e i n t e r v a l 
i s t i c of the p r o b l e m u n d e r d i s cus s ion .+ The equa t ions of m o t i o n 

dv elm du Oa ov dm ^ . "u 
^ = P - " - -ST' ^ - ^'i' a n d ^ = V, 

w i t h a l l d e p e n d e n t v a r i a b l e s b e i n g f u n c t i o n s of z a n d t . 

(2) 

113-1880 113-1885 

Fig. 1. Stress Resultants on Element of Shell Fig. 2. Circular Cylindrical Shell 
Subjected to an Impulsive 
Ring Load 

'Any value of To may be chosen, since the results are plotted so as to eliminate this quantity. 



To obtain a concen t r a t ed r ing load, let the r eg ion of a p p l i c a t i o n of 
the i n t e r n a l p r e s s u r e s h r i n k to the plane Z = 0, ma in t a in ing the va lue of the 
r e s u l t a n t force a s a function of t i m e . Then 

P ( Z , T ) = >F(T)6(Z), (^) 

whe re 6 is the D i r a c del ta function. The d i m e n s i o n l e s s r i n g - l o a d m a g n i t u d e 
^(t) i s defined by 

yj^l/2 

f 2a„H f372 (4) 

Some quant i t ies of i n t e r e s t a s s o c i a t e d wi th i '(T) a r e the i m p u l s e I p e r 
unit c i r c u m f e r e n t i a l length and the t ime m e a n T m of the p u l s e , def ined by 

=r ^{T) dT, 

and 

^X 
Tf 

( T - Ty) 'F(T) dT, (5) 

where Ty and Tf a r e the t i m e s at which p l a s t i c d e f o r m a t i o n b e g i n s and 
ends . It is p roposed that the p a r a m e t e r tha t , a long wi th I, b e s t c h a r a c 
t e r i z e s the effect of the pu l se , is the a s s o c i a t e d effect ive load H' def ined 
by ^ 

I 
2 T , (6) 

Let the d imens ion l e s s c o u n t e r p a r t s of I T "? T =„A T i, • 
'̂  '•' '•ni' ^e> J-y. and Tf be g iven by 

IR 1/2 

': 2t'yToH 372 = / % ( t ) d t . 

£m 1 /•' 

IR' 

4T„,aytf/2 

( t - t y ) V(t) dt 

2 t . 

T T 
ty - -rr^, and tf = —=-. 

To * To 

(7) 



A s s u m e t h e y i e l d c o n d i t i o n i n m , n s p a c e t o b e g i v e n b y t h e l i m i t e d 

i n t e r a c t i o n c u r v e of F i g . 3 . ( T h e r e l a t i o n of t h i s i d e a l s q u a r e c u r v e t o t h e 

t r u e y i e l d c o n d i t i o n , i s d i s c u s s e d by 

D r u c k e r * a n d H o d g e . ' ) T h e r e l e v a n t 

p o i n t s of t h e y i e l d c u r v e f o r t h i s p r o b l e m 

a r e o n t h e s i d e A B , i n c l u d i n g t h e e n d 

p o i n t s , s u c h t h a t n = +1 t h r o u g h o u t t h e 

p l a s t i c r e g i o n . S i n c e t h e s t r a i n - r a t e 

v e c t o r , w h i c h h a s c o m p o n e n t s p r o p o r -

<M ' t i o n a l t o b^v/az^ a n d v , m u s t b e n o r m a l 

t o t h e y i e l d c u r v e , i t f o l l o w s t h a t t h e 

r a d i a l v e l o c i t y v m u s t b e p o s i t i v e a n d 

t h a t 

A 

-1 

D 

N 

U M 

"' 

B 

1 

C 

m — 

afv 
Sz' 

(8) 113-1883 

Fig. 3. Limited-interaction Yield Condition 
at s h e l l s e c t i o n s that c o r r e s p o n d to i n t e 

r i o r po in t s of A B . Hinge c i r c l e s o c c u r at s e c t i o n s of the she l l for wh ich 
m = ± 1 ; they c o r r e s p o n d to po in t s A and B w h e r e the s t r a i n - r a t e v e c t o r 
can have any d i r e c t i o n b e t w e e n the l im i t i ng n o r m a l s , imply ing the p o s s i 
b i l i ty of a d i s con t i nu i t y in the ve loc i t y s lope d v / o z . If a hinge c i r c l e 
s p r e a d s o v e r a f ini te a x i a l r e g i o n of the s h e l l , a hinge band is f o r m e d in 
which m h a s the c o r r e s p o n d i n g e x t r e m u m va lue and d ' v / ^ z ' m a y have any 
va lue c o m p a t i b l e wi th the y ie ld cond i t ion . 

The s t a t i c c o l l a p s e load for a long she l l a c t e d on by a c i r c u m f e r 
en t i a l r ing fo rce is found in Ref. 4 to be 

Rl/2 (9) 

F o r a d y n a m i c a l l y app l i ed load whose m a x i m u m va lue e x c e e d s the c o l l a p s e 
load, p l a s t i c d e f o r m a t i o n b e g i n s when (by R e f s . 4 and 9) TJJ f i r s t e x c e e d s 
un i ty . Hinge c i r c l e s i n i t i a l l y o c c u r at z = 0 and z = ± 1 . Dur ing the s u b 
sequen t m o t i o n , the o u t e r hinge c i r c l e s occupy the p o s i t i o n s z = ±C(t) and, 
for s o m e l o a d - t i m e func t ions , m a y expand in to hinge b a n d s in the r e g i o n s 
^(t) £ |z I £ r ) ( t ) . We c o n s i d e r f i r s t the d e f o r m a t i o n h i s t o r y up un t i l the 
t i m e when h inge b a n d s f i r s t a p p e a r . + 

In the r e g i o n 0 < z < ^( t) , t s t y . we have (from Eq . 8 and F i g . 3) 

that 

v (z , t ) = Vo(t) Cm a n d n ( z , t ) = 1, ( 1 0 ) 

As shown in the section on Solutions, a hinge band cannot appear instantaneously at t = ty even if an 
instantaneous jump in the load occurs there. 



10 

veloc i ty at z = 0. The f i r s t of E q s . 2 can then be 

(11) 

(12) 

w h e r e Vo(t) i s the r ad i a l ve loc i ty 
w r i t t e n 

| i = zC,(t) - C^d), 
Oz 

with Ci and Cj defined by 

The in tegra t ions of Eq . 11 and the second of E q s . 2 wi th r e s p e c t to z 

r e su l t in 

q = 7z 'C i ( t ) - zC^d) + C3(t), 

and 

m = iz^Ci( t ) - 2z2C2(t) + 4zC3(t) + C4(t), 

for 0 £ z S ?(t), t a ty. 

The boundary condit ions on m a r e (using F i g . 3) 

m(0, t ) = - 1 , m(C,t) = +1, (14) 

(13) 

while q = 0 at z = C whe re m has i t s m a x i m u m and q h a s a d i s con t inu i ty 
of 2^ at z = 0 because of the c o n c e n t r a t e d load t h e r e . Apply ing t h e s e 
boundary conditions to E q s . 13 g ives four r e l a t i o n s for C j , C^' '-'3, and C4, 
whose solution is 

a n d 

C, = ^ ( V ? - i ) , 

c - ^ 

C3 = iJ, 

C4 = - 1 . 

( 4 * C - 3 ) . 

(15) 

Using E q s . 10, 12, and 15 and the t h i r d of E q s . 2, we a r r i v e at the se t of 
coupled nonl inear d i f fe ren t i a l e q u a t i o n s 



dvo 
dt 

4VC - 3 - (;̂  

dC_. -2f!:,+ 3 - C' 
dt 

and 

l u 
d 

Vo? 

f = Vo(.-t). 0 C(t) , 

(16) 

= 0. z > i:(t). 

sub jec t to the in i t i a l cond i t i ons 

vo(ty) = 0, (;(ty) = 1. and u (z , t y ) = 0. (17) 

S ince m i s a cubic in z, s a t i s f i e s the b o u n d a r y cond i t i ons 
(Eqs 14), a n d h a s a h o r i z o n t a l tangent at z = C. n e c e s s a r y and suff ic ient 
cond i t ions that | m | < 1 in the i n t e r v a l 0 < z < (̂  a r e that 

•SLO 

at z = 0, and 

(18) 

(19) 

at z = / .̂ The s lope of m at the o r i g i n is V(t) S ince ^ ( t ) i s a s s u m e d to 
be n o n n e g a t i v e , the f i r s t of t h e s e cond i t i ons i s a l w a y s s a t i s f i e d . T h i s i m 
p l i e s that a h inge band^ cannot f o r m in the v ic in i ty of z = 0. By E q s . 13 
and 15, the Inequa l i ty 19 is equ iva len t to 

^ C ^ 3 / 2 . (20) 

F o r s o m e load h i s t o r i e s , the d e f o r m a t i o n b e h a v i o r is s u c h that at 
s o m e t i m e t = t j , s a y , whi le V i s i n c r e a s i n g . 

VC = 3 /2 . (21) 

At th i s i n s t a n t , the h inge c i r c l e at C(t) b e g i n s to b r o a d e n into a h inge band 
in the r e g i o n ^(t) — z - T](t). The h inge band con t inues to b r o a d e n unt i l 
t = tM when ip r e a c h e s a l o c a l m a x i m u m V M - A S Tp d e c r e a s e s , the h inge 
b a n d c o n t r a c t s , until C, and r) co inc ide at s o m e t i m e t^ when E q s . 16 a r e 
a g a i n a p p l i c a b l e . If f h a s a n u m b e r of p e a k s , the hinge band m a y not 

*̂ It is shown in Ref. 3 that a hinge band can form at the origin if the load is axially distributed, rather 
than concentrated. 
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„ , , Hilt bee in to expand a s tjj 
comple te ly d i s a p p e a r be tween adjacent m a x i m a , but beg 
p a s s e s through the in te rvening m i n i m u m . 

u ^ the she l l r a d i a l v e l o c i t y in 
During the ex i s t ence of the hinge band, the she l l 

the reg ion 0 I z ^ ^ t ) is s t i l l l i nea r in z, but is gxven by 

z (22) 
v(z, t ) = Vo(t)- [vo(t) - v ^ ( t ) ] ^ . 

, .. ,^ , - r The so lu t ion to the f i r s t two whe re v^(t) is the r ad ia l veloci ty at z - ^ Th ^ ^ ^ ^^^ 

equations of E q s . 2 is s t i l l given by E q s . i^ ana 

a r e defined as 

C, = ^ - ^ . and C3 - 1 + ^j • 

In the region ?(t) s z S r]{t), 

m = 1, q = 0. and n = +1, (^4) 

so that the solution to the f i r s t two equa t ions of E q s . 2 i s 

v(z.t) = - t +fi(z), " (25) 

where fi(z) is an a r b i t r a r y function d e t e r m i n e d by the d e f o r m a t i o n . S ince 
the rad ia l veloci ty at the ou te r end of the hinge band v a n i s h e s , we have 
that 

fi(T)) = t. (26) 

while by definition of v^ . 

v^ = - t +fi(C). (27) 

It i s shown in Ref. 3 that in the i n t e r v a l ti — t S t j ^ the i n n e r edge 
of the hinge band ? i s r e l a t e d to ^ t h r o u g h E q . 2 1 . The p a i r of n o n l i n e a r 
differential equat ions ob ta ined f r o m E q s . 23 and 15 can t h e n b e so lved for 
vo(t) and vj.(t). M o r e o v e r , s ince tp i s i n c r e a s i n g in th i s t i m e i n t e r v a l . ^ 
mus t be d e c r e a s i n g ; that i s . the i n n e r end of the h inge b a n d m o v e s t o w a r d 
the or ig in . As it does so . the function Q, i s g e n e r a t e d t h r o u g h E q . 27 . The 
outer end of the hinge band r) i s t hen d e t e r m i n e d by E q . 26. In the i n t e r v a l 
t j ^ ' S t s t j . ^ and ip a r e no l onge r r e l a t e d by E q . 2 1 , but t, now i n c r e a s e s 
with t ime so that it sweeps b a c k t h r o u g h p o s i t i o n s z for wh ich H i s known. 
Consequent ly E q s . 23, 15, and 27 give t h r e e equa t ions for the d e t e r 
minat ion of C, vo, and vf, whi le T) is s t i l l found f r o m Eq. 26. ' ' S ince C is 

'''It is easily shown that fi is a decreasing function of z so that, by Eq. 26, n must be a decreasing function 
of time. Consequently, n passes through positions z previously occupied by ? for which S2(z) has been 
determined. 



i n c r e a s i n g and T) i s d e c r e a s i n g , they e v e n t u a l l y co inc ide and the h inge 
b a n d r e v e r t s to a h inge c i r c l e . 

A funct ion Q m u s t be d e t e r m i n e d for e a c h h inge b a n d if m o r e than 
one o c c u r s for a Tp funct ion wi th s e v e r a l p e a k s . If b e t w e e n ad jacen t p e a k s 
the h inge band b e g i n s expand ing a g a i n , r a t h e r than d e g e n e r a t i n g to z e r o 
l eng th , the funct ion Ci{z) m u s t be r e d e f i n e d at l o c a t i o n s that a r e p a s s e d 
t h r o u g h by (̂  a s e c o n d t i m e . 

A c l o s e d - f o r m so lu t i on for VQ, v r , C, , T). and Q du r ing h inge f o r m a 
t ion and m o t i o n for a r b i t r a r y t ^(t) i s d e r i v e d in Append ix A. H o w e v e r , in 
ob ta in ing r e s u l t s for the s h e l l d e f o r m a t i o n , we d e c i d e d that solving the 
d i f f e r en t i a l e q u a t i o n s n u m e r i c a l l y was p r o b a b l y no m o r e difficult than nu
m e r i c a l l y e v a l u a t i n g the t r a n s c e n d e n t a l equa t i ons of the c l o s e d - f o r m s o l u 
t ion and could be a d a p t e d m o r e r e a d i l y to the so lu t ion of m u l t i p l e - p e a k 
p r o b l e m s . 

SOLUTIONS 

A n u m e r i c a l so lu t ion of the coupled se t of n o n l i n e a r d i f f e ren t i a l 
equa t i ons ( E q s . 16) and the s e t , for h i n g e - b a n d m o t i o n , g iven by E q s . 15, 
22, 23 , 25 , 26, and 27 w a s p r o g r a m m e d for the CDC-3600 c o m p u t e r for an 
a r b i t r a r y l o a d - t i m e funct ion ^ ( t ) . The p r o g r a m and a u x i l i a r y s u b r o u t i n e s 
a r e g iven in Append ix D. The inputs to the p r o g r a m a r e the function V and 
the t i m e i n t e r v a l s and a x i a l p o s i t i o n s at wh ich r e s u l t s a r e d e s i r e d ; the ou t 
puts a r e r a d i a l v e l o c i t i e s and d i s p l a c e m e n t s and h i n g e - b a n d l o c a t i o n s . The 
B u l i r s c h - S t o e r m e t h o d of e x t r a p o l a t i o n by r a t i o n a l funct ions was u s e d , ' an 
in i t i a l p o w e r s e r i e s be ing e m p l o y e d to f ac i l i t a t e the s t a r t of the so lu t ion . 
(See Append ix B.) 

A c l o s e d - f o r m so lu t ion m a y be ob t a ined for a r e c t a n g u l a r pu l s e 
s h a p e . Let Tp be g iven by 

* = V'M. 0 - t S T . ] 
y (28) 

= 0, t >T. J 

At t = 0, the h i n g e - c i r c l e l oca t i on j u m p s i n s t a n t a n e o u s l y f r o m i t s y ie ld 
l o c a t i o n at z = 1 to the p o s i t i o n Zg. D u r i n g the i n t e r v a l 0 < t - T , the h inge -
c i r c l e l o c a t i o n r e m a i n s f ixed whi le VQ is a l i n e a r funct ion of t i m e . F r o m 
E q s . 16, we h a v e , for 0 < t = r , 

C(t) = zo, and vo(t) = Kt, (29) 

The particular case of this solution for i(i a triangular peak is presented in Ref. 3. 
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with 

a n d 

^ o = f c + 3)'̂ ^-*M. 
(30) 

K 
3 ( 1 - z ^ ) 

J 
The solution to E q s . 16 for any ^(t) that v a n i s h e s a f te r s o m e t i m e T is 

given by 

( 3 - ^ ^ ) . ^ . . . (31) 
C = A - + B, Vo A? 

t S T , 

where A and B a r e found f rom the va lues of C and VQ at r . By E q s . 29 
and 30, for the r ec t angu la r pulse,•!" 

A = ( ± L ^ i I | f , and B = zo - A. 
3 (1 -z^ ) 

F r o m E q s . 16 and 29-32 , the r ad i a l d i s p l a c e m e n t i s found to b e , for 
0 s t s T, 

(32) 

u ( z , t ) H-z)"^ 0 < z S Zn 

0, z > ZQ. 

(33) 

while, for t > T, 

.3iogiii) , 3 z r ^ - ^ n , 
Zo L^(t) Zojj ' 

= ^{-lWt)-zf.3 1og^.3[^^-l]}, 

z 5 ZQ; 

z o < z ^ C ; 

0, z > C , 

(34) 

tThe results (Eqs. 29-32) are presented in Ref. 3, in somewhat different form. 
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with ^(t) and A given by Eqs. 31 and 32. The plastic deformation ends 
when VQ vanishes , which, by Eqs . 31, occurs at a time tf when 

(;(tf) = -fi. (35) 

Letting Uof be the radial displacement at z = 0 and t = tf, we have, from 
Eqs . 29-32, 34, 35, and 7, that 

l i = ^ - B 
i A /̂M ' 

and 

"of . 
î  " * ' 

2 - 7 T U O A + 3 log — ) . 

(36) 

Note that, for the rectangular pulse, 

*e = V'M- (37) 

It is easily shown that 

^M^o < 3 / 2 , (38) 

so that no hinge band is produced by a rectangular pulse. The same is also 
true for any pulse shape that increases instantaneously from zero to its 
maximum value ^ j ^ and then decreases monotonically from that point on. 
The initial instantaneous value of C will be Zo, given in Eqs. 30, for which 
Eq. 38 holds, and a hinge band can only be initiated when ^ is increasing. 
However, if the pulse shape is such that the shell is already in motion when 
a positive jump in ^ occurs , a hinge band may appear instantaneously. Con
sider a time tj at which C and Vg have the values Ci and voi and at which 
%i jumps from ^i to ^^M' where V'M^l exceeds 3/2. Let pr imes denote quan
tities just after the jump. Then, 

^1 ^1 
3 

2 ^ M ' '?• -(-f)-
n(^,) and fi(c;) + V. 

(39) 

and n is a l inear function of z in the range Ci — z — Ci- I" Appendix C, 
these resul ts are obtained by considering the se r ies solution to the differ
ential equations at some time tj and finding the appropriate limits as At 
vanishes with A^ remaining fixed. 
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RESULTS AND CONCLUSIONS 

F i g u r e s 4-6 show the r e s u l t s of some of ' ' ^ ^ ^ / ^ J ^ ' ^ . ^ t t h r p l e v i o u s 
The solution for the r ec t angu la r pulse shape ^ ^ J ^ ^ ^ ^ ^ ^ ^ ^ ' ^ ^ ' p ^ i ^ e s h a p e s 
section; the l i n e a r - d e c a y , t r i a n g u l a r , and exponent ia l decay p 

are given by 

L inea r Decay 

= 0, 

T r i angu la r 

* = 2 * M 7 . 

= 2*M ( I - T ) 

= 0, 

0 S t S T ; 

t >T. J 

0 s t s i r ; 

i T < t S T ; 

t > T. 

(40) 

(41) 

I 1 

— 

-

. i ^ ^ ^ 

1 1 1 

ji^^^•''^^^ a"^ 

1 1 1 

1 1 

RECT 

y^h-^*'' 

1 1 

! 1 

y ^ TR 

! 

1 

"EXP 

-

1 
7 8 9 10 

Fig. 4. Final Deformation as a Function of Peak Load for Rectangular, 
Triangular, Linear-decay, and Exponential-decay Pulses. 
Points a, b, and c are the results of problems a, b, and c. 



2.5 

2X) 

1 5 

1.0 

0 9 

-

1 1 1 

0 — ^ - ^ " ^ 

1 1 1 

1 1 

b > 

1 1 

1 1 1 
E X P -

1 1 1 

-

-

-

-

10 I 25 1.5 

113-1887 

Fig. 5. Final Deformation as a Function of Effective 
Load for the Same Pulse Shapes as Fig. 4 

1 14 

1 12 

1 10 

108 

106 

104 

102 

1 1 

0 - — < C ^ 

1 1 

1 1 

LIH-~ 

1 1 

1 

EXP^ 

1 

TRL. 

C 

1 

• ^ E C T 

1 

-

-

-

-

-

-

1.0 I 25 

•. 
113-1882 

Fig. 6. Duration of Plastic Flow as a Function of Effective 
Load for the Same Pulse Shapes as Fig. 4 



Exponent ia l Decay 
• (42) 

^ = ^M exp( - t /T) , 0 S t < - . 

of pu l s e s with the s a m e impu l se and peak oad - ° - l ^ ^^^^ ^ ^ ^ ^ ^1^^ 
err^ors , p a r t i c u l a r l y When , M is c - se t^^^^^^ 

other hand, the bunchmg ° / ' ^ ; ^ ^ ^ ^ ^ ^ ^ ^^l^ e s s e n t i a l l y the s a m e ef fec t . 

r l \ r w ! Z % r e " : : r T f n f e ? : r n t^e a s s u m p t i o n s of the p r o b l e m . M o r e 

over I h T c u r v e s converge c lose ly as the yie ld load is a p p r o a c h e d 

The in t eg ra l s in E q s . 7 have as the i r l i m i t s t and tf, the t i m e s 
when p las t ic deformat ion begins and ends . The in i t i a l y i e ld t i m e i s e a s i l y 
d e t e r r ^ i n e d f r o m a knowledge of ^( t ) ; however , tf is not known a p r i o r i 
s ince the motion may cease before the end of the p u l s e . t F a g u r e 6 i n d i c a t e s 
that (tf - tv ) / i is a weak function of fe- Consequen t ly , g iven an a r b i t r a r y 
pulse shape, tf can be e s t i m a t e d and i, t ^ , and f^ c o m p u t e d u s i n g E q s 7. 
F o r these values of i and f^, a new value of tf can be found f r o m F i g . 6. 
Then rev i sed values of i, tm, and f^ can be c o m p u t e d and the p r o c e d u r e 
repea ted unt i l convergence is a t t a ined . V e r y few i t e r a t i o n s t e p s have b e e n 
found to be n e c e s s a r y , b e c a u s e of the i n s e n s i t i v i t y of the v a l u e of (tf - t y ) / i 
to ipe- Having obtained i and Tpe> we can find the f inal p l a s t i c d e f o r m a t i o n 
approximate ly from F ig . 5 and the a p p r o p r i a t e d e f o r m a t i o n h i s t o r y f r o m the 
c lo sed - fo rm, r e c t a n g u l a r - p u l s e r e s u l t s (Eqs . 2 9 - 3 6 ) . . ' 

Since the semilog plot of the final d e f o r m a t i o n for a r e c t a n g u l a r 
pulse is ve ry nea r ly a s t r a igh t l ine (as shown in F i g s 4 and 5), we can a p 
prox imate E q s . 36 for rough ca l cu la t ions "by 

^ = 1.405 log ^M 

= 1.40 5 log Ve-

(43) 

F i g u r e s 7, 8, and 9 show f, C,, T), and UQ (the r a d i a l d i s p l a c e m e n t 
at z = 0) for th ree i r r e g u l a r pu l s e s h a p e s , wh ich p r o d u c e e x t e n s i v e h inge-
band mot ion. The final r a d i a l d i s p l a c e m e n t s and d u r a t i o n of p l a s t i c flow 
for the p rob l ems a r e ident if ied in F i g s . 4 , 5, and 6 a s po in t s a, b , and c. 
These r e su l t s and the r e s u l t s ioi m a n y o t h e r p r o b l e m s not d i s c u s s e d h e r e 
c lus t e r c lose to the c u r v e s in F i g s . 5 and 6. 

''In the results included here, this occurs for all the exponential-decay pulses, of course, and for the 
linear-decay and triangular cases with l/jg close to unity. 
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Fig. 9 

Problem c: Load ijj. Hinge-circle and 
-band Location c, and n. and Central De
formation UQ (i = 24.875, \l)^ = 7.5, 
ii. = 4.527) 

o L 

Figures 10-12 show the r ad ia l de fo rma t ion s h a p e s a s a funct ion of 
d imensionless axial posi t ion at va r i ous t i m e s for p r o b l e m s a, b , and c 
respec t ive ly . On the f igures , Tf is the t i m e a t which the p u l s e e n d s . 

that 
We have, from E q s . 1 and 7, i 

y T 
v ^ I ' 

r̂  = 2pVRH J 

and 

p- = 4payH' ^ . 

(44) 

J 
There fo re , scal ing the v a r i a b l e s by 
the appropr ia te power of the i m 
pulse e l imina tes the a r b i t r a r y m u l 
t iplicative factor in the t i m e s c a l e , 
r ep re sen t ed by To in the n o n d i m e n -
sionalizat ion and T in the p r o b l e m 
s t a t emen t s . 

113-1884 
Fig. 10. Problem a: l^dial Defor

mation as a Function of 
Axial Position for Various 
Times (ty/i = 0.0690) 
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APPENDIX A 

C l o s e d - f o r m Solution for Hinge-band D e f o r m a t i o n 

A c l o s e d - f o r m solution to the di f ferent ia l equa t ions that de termine 
the hinge-band motion in the vic ini ty of a peak of the pu l s e can be o b t a i n e d 
as follows: 

A s s u m e a hinge band begins to fo rm at some ins t an t tj when ip, ^, 
and Vo have the va lues ipi, Ci, and VQI The pu lse i n c r e a s e s to a p e a k 
value ^M at tj^i and then d e c r e a s e s to some value ip^ at t2 when the b a n d 
degene ra t e s to a hinge c i r c l e . Let f'^ denote the i n v e r s e of tp for 
tj - ' - ' M - Define 

ŵ = *"'(2i)'2-4^-^i| (A . l ) 

The differential equations to be solved a r e found f r o m E q s . 23 and 15 to be 

dv„ 1 
dt ^' 

and 

d /Vo - v n 

dt \~~r~i' 

1. In terval t, < t :£ tjy[ 

^ ( ^ C - 1 ) . 

(A.2) 

Since C is r e l a t e d to ip t h rough E q . 21 in th i s i n t e r v a l f can 
be e l iminated from E q s . A.2 , r e su l t i ng in s i m p l e l i n e a r d i f f e ren t i a l equat ions 
for Vo and v^; the i r solution is 

Vo(t) = Vol - ( t - t i ) +- •r T dt, 

a n d 

-c(') = -o(t)-j^[^,v„i+iy]%3dj_ 

(A. 3) 

making use of the ini t ia l condi t ions at t- qir,^^ f j , , 
En^ ?1 =r,^ A -3 n • ,- " " " ' " ° " S at t^. S ince ; and v j a r e known f rom 
i-qs. 21 a n d A . 3 , fi is found f rom E q s . 27 to be 

' M ( Z ) 

A t ranscendenta l equation for T̂  i s then ob ta ined f rom E q s . 26 and A .4 . 

file:///~~r~i
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2. I n t e r v a l tj^^ < t £ t^ 

T h e funct ion fl , a s g iven by E q . A . 4 , i s s t i l l u s e d wi th Eq . 26 to 
find T] and , wi th Eq . 27 , y i e l d s the fol lowing r e l a t i o n b e t w e e n v» and C, : 

,^{t) - - ( t - t j+v„ . ( i - i ) + i - r ^ ^ ^ V ^ d t 

(A. 5) 

The funct ion Vf can be e l i m i n a t e d f r o m E q s . A . 2 , r e s u l t i n g in a p a i r of 
n o n l i n e a r e q u a t i o n s for Vg and C,. Define an a u x i l i a r y funct ion F t h r o u g h 

F = C^vo + ( C ' - 3 ) t . 

F r o m E q s . A . 2 , A . 5 , and A .6 we a r r i v e at 

-KC) 
d F 
dt 

2( t i+Vo,) C + 
8C r^^*-' 

-J J ^'^' 
' l 

dt ' 

wh ich can b e i n t e g r a t e d to give 

F = C ' ( t ,+Vo,) - 3 M ( C ) + 
4^2 r^^{^) 

+ c. 

(A.6) 

(A.7) 

(A.8) 

Solving E q . A .6 for vo and us ing Eq . A.8 wi th thft cont inu i ty cond i t ions at 

*M' ^ ^ ob ta in 

^M(C) 
(A.9) 

, 4 P ( ^ ) 
Vo(t) = Vo, - ( t - t , ) + ^ [ t - M ( C ) ] + Y J ^ ^ V-^dt. 

T h e s u b s t i t u t i o n of E q . A.9 into the f i r s t of E q s . A.2 then g ives the fol lowing 
d i f f e r en t i a l equa t ion for ^: 

- l [ t - M ( C ) ] f + 2 * - | = 0. (A.10) 

E q u a t i o n A. 10 c a n be w r i t t e n a s a p e r f e c t d i f f e ren t i a l having the s t a n d a r d 

f o r m 

X(C,t) dC + Y(C . t )d t = 0, (A.11) 
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with 

X = - ^ [ t - M ( a ] , Y = 2 ^ ( t ) - - ^ , and ^ = ^ . (A. 12) 

Consequent ly , following the usua l i n t eg ra t ion p r o c e d u r e and app ly ing the 
continuity r e q u i r e m e n t s at t j ^ , we a r r i v e at the t r a n s c e n d e n t a l e q u a t i o n 
re la t ing ^ and t . 

3 [ M ( C ) - t ] + 2 ? j ^ j ^ j V d t = 0. (A.13) 



APPENDIX B 

Local Series Solution of Differential Equations 

The computer program RINGLOAD uses se r ies solutions to the 
coupled nonlinear differential equations (Eqs. 16) in the vicinity of ty and 
tf, since vo vanishes at these t imes and the second of Eqs. 16 becomes in
determinate. The ser ies solution at t = ty is used to start the computer 
computation by calculating resul ts at t = ty +6t . The subroutine DIFSUB, 
which uses the Bulirsch-Stoer extrapolation method, is used to ca r ry the 
computation forward until either the pulse ends and the closed-form solu
tion (Eqs. 31) is applicable or the velocity Vo becomes small In the latter 
case , a se r ies solution is then used to bring the calculation up to the final 
time tf at which the motion stops 

Consider a time t* when all the dependent variables are known 
quantit ies, and let t* +6t be a time when values of the dependent variables 
are desired. Assume 6t is small enough that power ser ies solutions of 
Eqs. 16 in 6t are convergent. Define the auxiliary function v^ux ^Y 

Jt) 
, vo(t) (B.l) 

so that 

v(z,t) = Vo(t) - zv,„x(t), 0 £ z £ C(t). (B.2) 

Let 

and 

V/(t*+6t)= £ Pj(6t)J, 

n 

a t * + 6 t ) = X ^j(*')^' 
j=0 

n 
V o ( t * + 6 t ) = Y bj(6t)J , 

j=o 

v a u x ( t * + * ' ) = ! ^ j ( * ' ) j ' 

(B.3) 
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where 

Po = ^( t*) , ao = a t * ) , bo = vo(t*), and co = Vaux(t*) = -^- (B '^) 

F r o m E q s . B . l and B.3 and the th i rd of E q s . 16, the s e r i e s for the r a d i a l 

d i sp lacement is then given by 

(6t)J^ 
u(z, t* +6t) = u(z, t*) + £ (bj - zcj) - — 

and 

z £ C ( t * + 6 t ) , 

u(z , t *+6 t ) = u(z , t*) , z > a t * + 6t). 

(B.5) 

The s e r i e s for ip is a s s u m e d to be known f rom the g iven l o a d - t i m e 
function. F r o m E q s . B . l and B . 3 , the coeff ic ients of the s e r i e s for v ^ ^ ^ 
a r e given in t e r m s of the coefficients of the s e r i e s for t, and VQ by 

'" " i P ' ?j ĵ̂ "-jj • (B.6) 

Substituting from E q s . B.3 for ip, Z,, and Vo into the f i r s t of E q s . 16 and 
equating coefficients of l ike power s of 6 t , we obta in the fol lowing r e l a t i o n s : 

aoboai + ao + 2aoPo - 3 = 0 , 

2aoboa2 + boaf + aoajbi + 2aoai + 2aipo + 2aoPi = 0, 

3aoboa3 + 3boaia2 + 2aobia2 + afbj + aoaibj + 2aoa2 

+ af + 2a2Po + 2aipi + ^aoPj = 0, 

4aoboa4 + 4boaia3 + 3aobia3 + 2b„a^ + 3aib,a2 + 2aoa2b2 

+ a?b2 + aoaibj + 2aoa3 + 2aia2 + 2a3Po + 2a2p, T (B-7) 

+ 2aiP2 + 2aoP3 = 0 , 

and 

Saoboas + 5boa,a, + 4aob,a4 + 5boa2a3 + 4aibia3 + 3aob2a3 

+ 2bia | + 3aia2b2 + 2aoa2b3 + a^b3 + aga^b^ + 2aoa4 

+ 2a,a3 + a | + 2a4po + 2a3pi + 2a2P2 + 2a,p3 + 2aoP4 = 0. 
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T h e a p p l i c a t i o n of the s a m e p r o c e d u r e to the s e c o n d of E q s . 16 g ive s the 
fol lowing r e l a t i o n s ; 

a^bi + a^ - 4aoPo + 3 = 0, 

aob2 + aoajb] + aoai - 2aiPo -2aoPi - 0, 

3aob3 + 4aoaib2 + 2aobia2 + afbj + 2aoa2 + a, - 4a2Po 

- 4aipi - 4aoP2 = 0-

2aob4 + 3aoaib3 + 2aoa2b2 + aib2 + aobia3 + ajbjaj + aoa3 

+ aja^ - 2a3po - 2a2Pi - 2aiP2 "^aoPi = 0, 

and 

(B.8) 

5aob5 + 8aoaib4 + 6aoa2b3 + 3aib3 + 4aoa3b2 + 4aia2b2 

+ 2aobia4 + 2aibia3 + biaf + 2aoa4 + 2aia3 + 2a2 

- 4 a 4 p o - 4a3Pi - 4a2P2 - 4aiP3 " 4aoP4 = 0. 

At the beg inn ing of the d e f o r m a t i o n , when t* = ty , the she l l i s at 
r e s t , so tha t Vo(ty) = 0. If ^ p a s s e s g r a d u a l l y t h r o u g h the y ie ld va lue of 
u n i t y , the i n i t i a l h i n g e - c i r c l e loca t ion is C(ty) = 1- H o w e v e r , if Tp j u m p s 
i n s t a n t a n e o u s l y t h r o u g h y ie ld to a va lue ^ j ^ g r e a t e r than uni ty , then 
C(ty) = Zo g iven by E q s . 30. C o n s e q u e n t l y , the two p o s s i b l e in i t i a l c a s e s 
for t* = ty a r e * 

bo = Cn = 0, ao Po 

and 

bo = Co = 0, Po = fi^. ao = y V ' M + ^ - ^ M-

(B.9) 

( B I O ) 

The r e m a i n i n g aj and bj coef f i c ien t s a r e found f r o m E q s . B.7 and B.8 to be 

-1 b , = ^ ( a J - 4aoPo + 3), 

a i = 
2aop, 

• ( B . l l ) ( C o n t d . ) 

b j =—2-[aoai(b,+ 1) - 2(a ipo+aoPi) ] , 
ao 
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and 

= 1 [aoa,b2+a^(bi + l ) + 2 ( a l P l + a o P ^ ) ] -

. . S \ [4aoaib2 + (2aoa2+a!)(bi-H) - 4(a2Po+aiPi + aoPz)], 

3ao 

,3 = l{aoaib3 + ( 2 a o a 2 + a D b 2 + a i a 2 ( 3 b i + 2 ) 

+ 2(a2Pi +aiP2 + aoP3)]' 

. = _L^ [3aoa,b3 + (2aoa2 +a?) b2 + (aoaj +axa2)(bi + 1) 
Zao 

- 2(a3Po+a2Pi+aiP2+aoP3)]. 

a, = -i-[aoa,b4 + (2aoa2 +a^) b3 + 3(aoa3 +a,a2) b2 

+ (2aia3+a^)(2bi + l) + 2(a3Pi+a2P2+aiP3 + aoP4)]. 

bs = r ^ [ 8 a o a , b 4 + 3(2aoa2+a?)b3 + 4(aoa3+aia2) b j 
5ao 

+ (2aoa4+2aia3+ai)(bi + l) 

-4(a4Po + a3Pi+a2P2 + aiP3 +aoP4)], 

(Contd.) 
( B . l l ) 

where 

kn = - i [ a ^ ( n - 2 ) - 2aoPo(2n + l) + 3n]. (B.12) 

If the init ial conditions a r e given by E q s . B.9, the f i r s t of E q s . B . l l y i e lds 
bi = 0, so that the (6t)^ t e r m s a r e the f i r s t nonvan i sh ing t e r m s in the power 
s e r i e s for the veloci ty . Consequent ly , the n u m e r i c a l i n t e g r a t i o n of the 
second of E q s . 16 is in i t ia l ly r a t h e r s lowly c o n v e r g e n t if ip g r a d u a l l y p a s s e s 
through the yield va lue . On the o the r hand , bj / 0 for the i n i t i a l condi t ions 
(Eqs. B. 10), so that p r o b l e m s with an i n s t a n t a n e o u s j u m p at ty a r e e a s i e r to 
in tegra te numer i ca l l y n e a r ty. This d i f fe rence in the r a p i d i t y of c o n v e r 
gence near ty shows up as s h o r t e r running t i m e s for p r o b l e m s wi th an 
initial jump. 

If the shell is in mot ion at t*, then bo / 0 and the five equa t ions in 
each of E q s . B.7 and B.8 a r e ea s i l y so lved for a, a.^ and b j , . . . , b j , 
respec t ive ly , in t e r m s of va lues of the funct ions a t t*. 
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In extrapolating to t = tf, we use the numerical integration scheme 
until Vj becomes small compared to its maximum during the deformation. 
Let t* be the time at which this small value is attained and at which the 
power -se r ies coefficients a re evaluated. Let 

and 

tf = t* + 6t, 

n 
vo(tf) = 0 = X bj(6t)J, 

j=o 

where 6t is to be determined. We can approximate 6t by 

2bo 

(B.I3) 

6t = 
bi + yb? - 4bob2 

(B.14) 

The value of Vo at t* + dt is found from the power se r i e s , and if less than 
some selected constant e^, the computation is concluded. If Vo is greater 
than Cy, the extrapolation procedure is repeated starting from the new 
value. 
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APPENDIX C 

Solution Behavior in the 'Vicinity of Instantaneous Jumps in ip 

In the vicinity of instantaneous jumps in Tp, there is the possibility 
of corresponding instantaneous jumps in the values of some of the depend
ent variables. It would be advantageous then to use the numerical-
integration scheme up to the jump, make the appropriate change in the 
values of the variables, and continue on with the numerical integration, 
rather than trying to integrate through the jump, where the convergence of 
the solution may be poor. A study of the local power-ser ies solution for 
the problem reveals that the dependent variables are continuous functions 
if no hinge-band formation occurs. If a hinge band already exists or is 
produced by the jump in -f, then a corresponding jump in C occurs . 

At t = t*, let Tp be such that 

V(t*+6t) = Po +pj6t 

= *(t*) + 6^. ^^^^ 

We wish to determine what happens to the solution of the differential equa
tions as 6t - 0 with &TP kept constant. ^ 

Consider first the case when no hinge band exists and Fn« lA 

an - anoPo + anipi, 

and 

whe 

^n - bnoPo + b^ipj, 
(C.2) 

and B . B ! " " ' " ' • ' " ° ' ^ " ' "^^ ^^^ independent of p„ and p, . F r o m Eqs, B.7 

aoi = an = boi = bi, = 0, 

so that the series for t anH „ 
<, and VQ can be written 

C(t*+6t) = f(t*) + a Â  , V , 
Ut ;+a,o6t + 2^ (ajoPo+ajip,)(6t)J, 

(C.3) 

and 
J=2 

Vo(t 
*' ' '^=^°' '*^^'^-^'^f(bjoPo+b, ,pi ) (6t )J . (C .4) 
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It is apparent then that 

C(t* +6t) - C(t*), and vo(t* +6t) - Vo(t*) as 6t - 0, 

keeping pi i t constant. It is assumed in this analysis that 

[Tp(t*) + 6Tp] (:(t*+6t) £ 3 / 2 . 

(C.5) 

(C.6) 

If Inequality C.6 does not hold, that i s , if the instantaneous jump produces 
a hinge band, the instantaneous jump may be decomposed into two par ts by 

Tp(t* +6t) = Po + P1 6t ' + p; '6t". 

and 

6t = 6t' + 6t", 

with 6t ' determined from 

(po+p,6t') C(t*) = 3/2. 

(C.7) 

(C.8) 

Letting 6t ' -• 0 ca r r i e s the deformation up to the point of producing a hinge 
band. The remainder of the instantaneous jump, produced by letting 
6 t " -» 0 with p i ' 6 t " kept constant, then occurs while a hinge band exists . 
This latter case will be considered next. 

The governing differential equations when a hinge band exists are 
Eqs . A.2. If Tp is increasing, C, is found from Eq. 21 and CI is determined 
from Eq. 27; if Tp is decreasing, Cl is now a known function and Eq. 27 gives 
a relation between C and vr . Define v^ux now by 

^(t) 
vo(t) 

00 
v ^ 

(C.9) 

and, as in Eq. C. l , let a jump of 6^ occur in f̂r at t = t*. Employing a 
s imilar se r ies analysis to that used previously, we find for 6^ positive 
that VQ. Vaux' and r] a re continuous at t*, while C, jumps to 
3/{2[^(t*) + 6^]} and the corresponding jump in vr is found from Eq. C.9. 
The portion of Q, generated by the jump in Tp is given by 

for 

fi(z) = vo(t*) - vaux(t*)z + t*-

'^^'*^ - ^ - Z[Tp(t*) +6TP]-

(CIO) 
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On the other hand, if 6Tp is negative, then VQ, V^^X' ^t' ^' and T) a r e 
continuous at t*. 

Since T], the outer edge of the hinge band, is always a continuous 
function, the length of the region of plastic deformation is also a continu
ous function of time and does not vary abruptly, even with severe load 
changes. 
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A P P E N D I X D 

C o m p u t e r P r o g r a m s 

The d y n a m i c p l a s t i c d e f o r m a t i o n of a tube a c t e d on by a r ing load 
of a r b i t r a r y pu l s e s h a p e is c o m p u t e d by the C D C - 3 6 0 0 p r o g r a m RINGLOAD 
and i t s a u x i l i a r y s u b r o u t i n e s DIFSUB, ' ' D I F F U N , OMEGA, OMEGINV, 
Z E T A E Q , P U L S E I N F , P S I F U N , and P S I C O E F . The s u b r o u t i n e s 
P U L S E I N F , P S I F U N , and P S I C O E F a r e s p e c i a l i z e d to the p a r t i c u l a r f o r m 
of the p r e s s u r e p u l s e ; RINGLOAD and the o t h e r s u b r o u t i n e s do not depend 
on the p u l s e s h a p e . Two v e r s i o n s of the se t P U L S E I N F , P S I F U N , and 
P S I C O E F a r e g iven h e r e . The P i e c e w i s e L i n e a r 'Vers ion t r e a t s p u l s e s 
that a r e spec i f i ed by a n u m b e r of t, Tp p a i r s and u s e s l i n e a r i n t e r p o l a t i o n 
to ob ta in v a l u e s of Tp for t i m e s b e t w e e n the p r e s c r i b e d p o i n t s . T h i s v e r s i o n 
can be u s e d to hand le any p u l s e shape by spec i fy ing a suff ic ient n u m b e r of 
da ta p o i n t s , and i t s u s e i s r e c o m m e n d e d for m o s t p r o b l e m s . If, h o w e v e r , 
a p a r a m e t e r s tudy i s to be m a d e for a n u m b e r of p r o b l e m s involving the 
s a m e g e n e r a l p u l s e f o r m and th i s f o r m is t ed ious to a p p r o x i m a t e by a 
p i e c e w i s e - l i n e a r funct ion, it m a y be a d v a n t a g e o u s to w r i t e s p e c i a l s u b r o u 
t ines for the p u l s e f o r m . T h i s was done for the c a s e of a pu l s e that r i s e s 
l i n e a r l y to i t s m a x i m u m and then d e c a y s exponen t i a l l y , tha t is,'^ 

V' = * M 
To) 

( T ' M - ' ^ o ) ' 
t :S T. 

M' 

= ^ M ^ 

= 0, 

•( t -TM)A 
'M < t 

t > Tr: 

(D 1) 

The s u b r o u t i n e s P U L S E I N F , P S I F U N , and P S I C O E F for a pu l s e def ined by 
E q s . D . l a r e g iven a s the E x p o n e n t i a l Decay V e r s i o n . P r o b l e m s of th i s 
type c a n a l s o be h a n d l e d by the P i e c e w i s e L i n e a r V e r s i o n if an a d e q u a t e 
n u m b e r of po in t s on the e x p o n e n t i a l d e c a y po r t i on of the pu l s e a r e u s e d a s 
input da t a . 

T h e input n e e d e d for a c o m p u t a t i o n c o n s i s t s of two p a r t s , input for 
the p r o g r a m RINGLOAD and input for the s u b r o u t i n e P U L S E I N F . 

1. Input for RINGLOAD 

C a r d 1. F O R M A T (10A8) 

P r o b l e m n a m e o r i den t i f i e r (Anything m a y be punched on th i s c a r d 
and wi l l be p r i n t e d at the beg inn ing of the ou tput . ) 

t The quantities T and ^^^ may be made equal to produce an instantaneous jump to the pulse manmum. 
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Card 2. FORMAT (I2, 2X, 12. 2X, 12) 

ISCALE: If z e r o , r e s u l t s a r e not s ca l ed . If one . r e s u l t s a r e s c a l e d 
by the app rop r i a t e power of the impu l se i, as exp la ined be low . 

NTSINT- A t / i = I / N T S I N T is the s c a l e d t i m e i n t e r v a l at wh ich the 

output is p r in ted . NTSINT m u s t be at l e a s t 10. 20 is a conven ien t v a l u e 

for m o s t p r o b l e m s . 

NZINT Az = I / N Z I N T is the axia l i n t e r v a l at wh ich r a d i a l d i s p l a c e 
men t s a r e pr in ted . NZINT mus t not exceed 25; 10 or 20 g ives an a d e q u a t e 
number of points for a g raph . If NZINT is z e r o , then z = 0 is the only 
locat ion at which the d i sp lacement i s computed . 

2. Input for PULSEINF. P i e c e w i s e L i n e a r V e r s i o n 

Card 3. FORMAT (12) 

NJ; Number of input data po in t s . NJ m u s t not e x c e e d 99. 

Cards 4, 5, 6, . . . , NJ + 3 FORMAT (2E15.7) 

TJ , PSIJ: Input data p a i r s t j , Tpy 

3. Input for PULSEINF. Exponent ia l Decay V e r s i o n 

Card 3. FORMAT (5E15.7) 

TAUO, TAUM, TAUF, TAU, PSIM; P a r a m e t e r s in pu i s s h a p e . 
To TM- TF> ''"' ^M' as in E q s . D . l . 

The pr in ted output of the p r o g r a m inc ludes f i r s t s o m e g e n e r a l 
p a r a m e t e r s a s soc i a t ed with the pulse shape , such a s ty, t j ^ , i , Tp^ and the 
total a r e a under the pulse c u r v e . The va lues of t m , i , and f^ tha t a r e 
pr in ted a r e based on in t eg ra l s of the pu l se f r o m ty to the end of the p u l s e . 
If the motion stops before the end of the pulse ,+ it i s a d v i s a b l e to r e r u n the 
p rob lem, chopping off the pulse input va lues at a p p r o x i m a t e l y tf a s g iven 
by the f i r s t run;'f+ then the i n t eg ra l s wil l be t aken over the i n t e r v a l t to tf 
as r equ i r ed in E q s . 7. F o r many p r o b l e m s in which the m o t i o n s tops before 
the end of the pu lse , the pulse has decayed enough that the d i f f e r ence in the 
values of t^, i, and ^^ be tween in teg ra t ing to the end of the p u l s e and 
integrat ing to the end of the mot ion is n e g l i g i b l e . 

tA statement announcing this is printed at the end of the output. 

ttif the pulse data input is cut off at exactly tf. there will be convergence problems inthefmaltimestepofthe 
second problem run. Chopping at a time value equal to tf to the first fev, significant figures avoids this 
difficulty and is accurate enough for the paramuer evaluations. 



35 

The output that gives the history of the deformation is t, ^(t), Uo(t), 
vo(t), C(t), ri(t), NOFNS, andu(nAz,t) , n = 1, 2, 3 if ISCALE = 0; the 
printouts a re at intervals of At plus intermediate t imes when resul ts are 
calculated for program requi rements . The quantity NOFNS is the number 
of evaluations of the right sides of the differential equations and is an indi
cation of the difficulty of convergence of the numerical integration 
procedure . 

If ISCALE = 1, the quantities printed are t / i , Tp, Uj/i^, VQ/I, ^ t ) , 
•n(t), NOFNS, andu(nAz,t) / i^. The scaling by powers of i is such that the 
a rb i t ra ry time constant To appearing in Eqs . 1 is eliminated, as well as 
the a rb i t ra ry factor in the time scale of the pulse, as indicated in Eqs. 44. 

From Eqs . 16 we see that du/ot is found differently, depending on 
whether z is grea ter or less than C- In RINGLOAD, if a time step ca r r i e s 
^ past an axial position z where the deformation is desired, the program 
interpolates back to find the time step for which ^ and this z-location 
coincide; then each z at which the deformation is computed is either in
side or outside of t, for the time step, and Eqs. 16 can be applied. 

The function n(t) mapped out through the use of Eq 27 is stored 
as a pair of vectors ZL(JZ), OMEGAL(JZ). Linear interpolation is used 
to obtain values intermediate to those contained in the l i s ts , that i s , fl is 
assumed to be a linear function of z between the stored values. 
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PROGRAM BINGtCAO 

'c CVNAMIC PLASTIC OEFOR.ATION OF A C . R C U U R CYLINDRICAL SHELL^ ̂  ̂  

C PkODUCEC BY A RING LOAD WITH AN ARBITRARY PULiC 

Ĉ AUXILIARY PROGRAMS «"-^^° ^ ^ / ^ S^^SN! " s K O E n I^pSi"'' 
C AND SPECIAL SUBROUTINES PULSEINF, PSIFUN, 
C OMEGA, CMEGINV, AND ZETAEQ. 
C 
C 
c 
c 

RINGLOAD, DIFSUB. DIFFUN, OMEGA, OMEGINV, *ND ^^ETAEQ ARE 
GENERAL PROGRAMS APPROPRIATE TO ANY P'J'-SE SHAPE, W H I L E 

I ^O^^T/ME^POI^^^S^SU^S^T^AT^^^NEArrNl^^POUTION BETWEEN VALUES 

C IS PERMISSIBLE. 
C 
C REQUIRED INPUT FROM DATA CARDS. 
C CARD 1. FURMATdOAS) 
C NPROB — PROBLEM NAME OR IDENTIFIER. 
C CARD 2. FURMAT(I2,2X,I2,2X,I2) _ „„,,..,, 
C ISCALE -- IF ZERO, RESULTS ARE NOT SCALED. IF ONE, RESULTS 
C ARE SCALED BY THE APPROPRIATE POWER OF THE PLASTIC IMPULSE. 
C NTSINT -- i/NTSINT IS THE SCALED TIME INTERVAL AT WHICH 
C OUTPUT IS DESIRED. NTSINT MUST BE .GE. 10. 
C NZINT ~ 1/NZINT IS THE AXIAL INTERVAL AT WHICH DISPLACEMENTS 
C ARE DESIRED. NZINT MUST BE .LE.25. IF NZINT = 0, THEN Z = 0 IS 
C THE ONLY LOCATION AT WHICH THE DISPLACEMENT IS COMPUTED. 
C 
C PLUS INPUT REQUIRED FOR SUBROUTINE PULSEINF. 
C 
C PRINTED CUTPUT 
C T — TIME. 
C PSI(T) — PULSE VALUE. 
C U(0,T) — RADIAL DISPLACEMENT AT Z=0. 
C V(C.,TI — RADIAL VELOCITY AT Z=0. 
C ZETA(T) — LOCATION OF HINGE CIRCLE OR OUTER EDGE OF HINGE BAND. 
C ETA(T) ~ LOCATION OF INNER EDGE OF HINGE BAND. 
C NOFNS ~ NUMBER OF USES OF SUBROUTINE DIFFUN. (GIVES AN 
C INDICATICN OF THE RAPIDITY OF CONVERGENCE OF THE SOLUTION.) 
C U(Z,T) — RADIAL DISPLACEMENT AT Z=N/NZINT, N=l,2f3,.... 
C 
C IN THE BCDY OF THE PROGRAM, PHASE 1 REFERS TO DEFORMATION 
C WITH A HINGE CIRCLE AT ZETA, WHILE PHASE 2 REFERS TO 
C DEFORMATION WITH A HINGE BANC BETWEEN ZETA AND ETA. 
C 

DIMENSION TMAX(50),PSIMAX(5C),TMAXS(50),U(50),US(50) 
DIMENSICNF(^),0F(«),FMAX1A),FFI<,),RLTVER(',) ,NPR08(10) 
0IMENSICNTJMP(5C'),PSIJMP(5r),TJMPS(50),UF(50),SPSI(',) 
COMMON/CCMDIF/NOFNS,KPHASE,TAUJMP,PJMP 
COMMON/CCMOMEG/JOM,OMEGALllOCl),ZL(1001) 

1 READ 17C,NPROB 
IF(E0F,6CI2,3 

2 STOP 
3 PRINT 171,NPROB 

READ 172, ISCALE,NTSINT,NZINT 
CALL PULSEINF(T0,TF,TYIEL0,T0TIMP,PLASIMP,TMEAN,NOMAX,TMAX,. 

1 PSIMAX,INSTJMP,NOJMP,TJMP,PSIJMP,KSTOP) 
IF(KSTOPI^,; 

<» PRINT 173,KSTOP 
GO TO 1 
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C > < « * < < « > D A T A I N P U T , P A R A M E T E R D E T E R M I N A T I O N S , AND A S S O C I A T E D P R I N T O U T S 

5 I F ( I N S T J M P ) 6 , 7 

6 P R I N T 1 7 A , I N S T J M P 

7 E F F L O A D = P L A S I M P / ( ? . 0 « T M E A N ) 

PRINT 1 7 5 , T 0 , T F , T Y 1 E L 0 , T 0 T 1 M P , P L A S I M P , T M E A N , E F F L 0 A D 

8 T 0 S = T 0 / P L A S I M P 

T F S = T F / P L A S I M P 

T Y I E L D S = T Y I E L C / P L A S I M P 

T M E A N S = T M E A N / P L A S I M P 

PRINT 1 7 6 , T 0 S , T F S , T Y I E L D S , T H E A N S 
9 DO 10 K=l,N0MAX 

10 T M A X S ( K ) = T M A X ( K ) / P L A S I M P 

PRINT 1 7 7 , ( K , T M A X T K ) , P S I M A X ( K ) , T M A X S ( K ) , K = 1 , N 0 M A X I 

I F ( N O J M P . E Q . O I GO TO 16 

00 15 K=1,N0JMP 
15 TJMPS1K1=TJMP(K)/PLASIMP 

PRINT 18C,IK,TJMP(K,),PSIJMPIK),TJMPS(K) ,K=1,N0JMP) 
16 CONTINUE 

DTS=1.0/NTSINT 
DT=DTS»PLASIMP 
IF(NZINT)ll,12 

11 DZ=1.0/NZINT 
GO TO 13 

12 DZ=J.O 
13 PRINT 17e,DT,DTS,DZ 

C»».» CHECK. SIZE OF SELECTED DTS 
IF(NTSINT.GE.IO) GO TO 17 
PRINT 179 
GO TO I 

C»»»» CHECK SIZE OF SELECTED OZ 
17 IF(NZINT.LE.25) GO TO 18 

PRINT 181 
GO TO 1 

C«»»» PRINT OUTPUT HEADINGS 
18 1F(ISCALEI19,20 
19 PRINT 182 

IF(NZINT) PRINT 183 • 
GO TO 21 

20 PRINT 18A 
IF(NZINT) PRINT 185 

21 CONTINUE 
C««>«<*> INITIALIZATION OF U(Z,T) 

NZTOT=1.73205«NZINT 
DO 22 IZ=1,NZT0T 
U(IZI=O.C 
US(IZ)=0.0 

22 CONTINUE 
C««>««>«* INITIAL VALUES AT TYIELD 

UO = UOS==VC = VOS = UAUX = VAUX = 0.0 
NOFNS=0 
PSIO=PSIFUN(TO) 
ZETAO=1.0 
IFl ISCALE) GO TO 23 
PRINT 187,T0,PSI0,U0,VO,ZETAC,NOFNS 
GO TO 2'i 

23 PRINT 187,T0S,PSIO,UOS,V0S,ZETAO,NOFNS 
24 PSI=PSIFUN(TYIELD) 

IFlINSTJMP) GO TO 25 
ZETA=1.0 
GO TO 26 

25 ZETA=S0RTFI3.C*PS1«»2)-PSI 
26 IFIISCALE) GO TO 27 
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27 

28 
C«*»« 
c ••• • 
c ***• 
c »*•• 
C»»»« 
c *•*• 

37 

c«»»» 
38 

PRINT 187,TYIELD,PSI,UO,VO,ZETA,NOF 

PRINT 19C,(U(1Z),IZ=1,NZT0T) 

00 TO 2S , ^^^. 
PRINT 187,TYIELDS,PSI,UOS,VOS,ZETA, 

PRINT 19C,(US(1Z),IZ=1,NZT0T) 

CONTINUE 

'*•• SOLUTION BETWEEN TYIELD AND TI, 
USE POWER SERIES SOLUTION OF DIFFER 
CALCULATE COEFFICIENTS IN POWER SER 
ZETA = AC + A1*D + A2«D«»2 +..., D 
VO = BO • B1«D • B2«D»»2 +... 
VAUX = CC + Cl'D + C2*D»»2 +... 
PSI = PO + P1»D + P2»D»»2 •... 
CALL PSICOEFITYIELCSPSI ) 
PC=°SI 
P1=SPSI(1) 
P2=SPS1(2) 
P5=SPSI(3) 
P^i^SPSI (A) 
AO=ZETA 
BO=CO=O.C 
Bl=-( AO««2+3.n-A.Q«AO»PC ) /ACf'2 
C1=B1/A0 

Al=-2.0«Ai?»Pl/IBl»A0 + 2.r«P0 + 2.0»AC) 
B2=-(B1«A1»A0-2.0»A1«P0-2.C»A0«P1+A 
C2=IB2-C1»A1)/A0 
A2=-(B2»Al«A?+Bl»Al»»2+2.J»Al*Pl+2. 

+ A0) ) 
B3=;-(4.0«B2»A1«AO+2.0»B1*A2«AO + B1*A 

-',.0»A0«P2 + i.O«A2»At + Al««2)/( 3. 
C3=IB3-C2*A1-C1«A2)/A0 
A3=-(B3»A1»A0+2.0»B2»A2»A0+B2»A1««2 

+Aa»P3+A2«Al))/(3.0»Bl«AC+2.0«P 
6',=-1 3.P«B3»A1«A0 + 2.0«B2»A2«A'J + B2»A 

-2.0»tA3»P0+A2«Pl+Al»P2+A3»P3)+ 
C4=IB',-C3«A1-C2»A2-C1»A3)/AC 
A4=-(B4«Al»Aa+B3«Al»»2+2.0»B3»A2»A0 

+2.C«Bl.A2««2+A,:«Bl»A3*Al+2.0» 
+2.0«A3«A1+A2»«2)/(2.0«(2.0«B1» 

B5=-I8.0«B4»A1»A.J + 6.0»B3»A2«AO+3.0» 

1 +'i.<!«B2*A2»Al + 2.C»Bl»A4»A;Tt2.0« 
2 +A3«Pl+A2»P2+Ai»P3+AC«P4)+2.C*A 
3 (5.C»AO»»2) 
C5=I8 5-C««A1-C3«A2-C2*A3-C1»A4)/A0 
FIND TIME TI AT WHICH PSI DIFFERS F 

THREE PERCENT. 
EPSSER-C.03 

DtLT=O.Cl«TMEAN 
TI=TYIELC+DELT 
PSII=PSIFUN(TI) 

EPSI=ABSFIPSII/P0-1.0) 
IFIEPSI.LE.EPSSER) GO TO 38 

DELT=DELT»EPSSER/EPSI 
GO TO 37 

EVALUATE POWER SERIES AT TI 

ZETA=AO+A1.0ELT+A2»DELT..2+A3*OELT» v/n-nr.j.tii«nci T.n--nic-. i-„.-,., 

NS 

NOFNS 

TI NEAR TYIELD 
ENTIAL EQUATIONS NEAR TYIELD. 
lES EXPANSIONS. 
= T-TYIELD 

1»A0)/A0»»2 

0»AO»P2+A1«»2)/(2.0»(B1»AC+PC 

1»»2-4.0*A2»PO-4.0*A1»P1 

0»A0»»2) 

• 3.0«B1«A2«A1«-2.0»(A2»P1 + A1»P2 
0+2.0«A0) 
1»»2+B1«A3»AC+61*A2«A1 

A3»Ar+A2»Al)/I2.0»A0«»2) 

+3.0«B2»A2»A1+3.0»B2»A3»A0 
IA3»P1 + A2«P2 + A1»P3+A0»P',) 
AO+PO+AO)) 

B3»A1»»2 + ',.0»B2»A3»A0 
B1»A3»A1 + B1«A2»«2-',.C»(A',«P0 
4«AO+2.0»A3«A1+.A2«»2) / 

ROM PSI AT TYIELD BY AT MOST 

-^ • "--.. • .. i - w L L I T M ^ » u c L f * » i : + A J * U h L I • 

V0=B0+Bl«0ELT+Bi.DELT»»2+B3*DELT*.3 

VAUX=C0+Cl.CELTtC2.DELT..2+C3.DELT» 

•3 + A4«DELT»«<:t 

+B4»0ELT»»4+B5»0ELT»»5 

•3 + C',«DELT»»AtC5»0ELT»»5 

T»»3/3.0 + B3»0ELT« •',/<,.0 

•DELT»«3/3.0+C3»DELT»«4/',.0 
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C»»»« PRINT RESULTS AT TI 
IFlISCALE) GO TO 39 
PRINT 188,TI,PSII,UO,V0,ZETA,0 
GO TO 40 

39 TIS=TI/PLASIMP 
VOS=VO/PLASIMP 
U0S=U0/PLASIMP««2 
PRINT 188,TIS,PSII,U0S,V0S,ZETA,0 

40 IFINZINT)41,50 
C»»»» CALCULATION OF U(Z,TI) 

41 NZ=NZINT 
42 IFINZ«DZ.LE.ZETA) GO TO 43 

NZ=NZ-1 
GO TO 42 

43 CO 44 IZ=1,NZ 
44 UlIZ)=UC-IZ«DZ»UAUX 

IFIISCALE) GO TO 45 
PRINT 189,IUIIZ),IZ=1,NZT0T) 
GO TO 50 

45 00 46 IZ=1,NZ 
46 USIIZ)=UIIZ)/PLASIMP.»2 

PRINT 189,lUSIIZ),IZ=1,NZT0T) 
50 CONTINUE 

C««*<«**> SCHECULEO PRINTOUTS AT TMAXIK), TJMPIK), TF, AND INTEGER 
C MULTIPLES OF OT 

DO 51 JMAX=1,N0MAX 
IFITMAXIJMAX).GT.TI) GO TO 52 

51 CONTINUE 
JMAX=NOMAXtl 

52 00 53 JJf'P = l,NOJMP 
IFITJMPIJJMP).GT.TI) GO TO 54 

53 CONTINUE 
JJMP = NOJf'P*l 

54 DO 55 IT=1,1000 
IFl1T»0T.GT.TI 1 GO TO 56 

55 CONTINUE 
GO TO 1 • 

56 CONTINUE 
C<<*><i<>< SOLUTION BETWEEN TI AND TF 
C»»»» USE SUBROUTINES DIFSUB AND DIFFUN 
C»«»» F11)=V0, F(2)=ZETA, F(3)=U0IKC, FI4)=UAINC 
C»«»» INITIALIZATIONS FOP DIFSUB 

Fl1)=V0 
FI2)=ZETA 
FI3)=FI4)=FF(3)=FF(4)=0.0 
NEQ = 4 
NOFNS=0 
M0RD=6 
METH=0 
KKSTP=+l 
KPHASE=0 
DTMIN=0.C000'J1»PLASIMP 
EPSERR=C.C0C01 
EPSZ=O.C0001 
EPSPft=0.C0O0Dl 
EPSRV=C.C01 
EPSVl^O.Cl 
EPSV2=0.rOOC01 
NZZ=NZ 
DO 57 1=1,4 

57 FMAXI I)=FI I ) 
T = TI 



40 

C««». SELECTION OF NEXT SCHEDULED PRINTOUT TIME TPR 
58 CONTINUE 

IFIJJMP.GT.NOJMP) 59,60 
59 TAUJMP=2.0»PLASIMP 

PJMP=0.0 
GO TO 61 

6C TAUJMP=TJMP(JJMP) 
PJMP=PSIJMP(JJMP) 

61 IFlJMAX.GT.NOMAX) 62,63 
62 TAUMAX=2.0«PLASIMP 

PMAX=0.0 
GO TO 64 

63 TAUMAX=TMAX(JMAX) 
PMAX=PSIMAXIJMAX) 

64 TDT=IT»CT 
TPR=AMIN1ITDT,TAUJMP,TAUMAX) 
IFITPR.GT.TF) TPR=TF 

C««.» INTEGRATION OF NONLINEAR DIFFERENTIAL EQUATIONS USING DIFSUB 
70 H=TPR-T 
71 TT=T 

FF(1)=F(1) 
FFI2)=F(2) 
F(3)=FI4)=0.0 
CALL DIFSUB(NEQ,T,F,DF,H,DTMIN,EPSERR,MORD,METH,FMAX,RLTVER,KKSTP) 
PSI=PSIFUNIT) 
IF(T.EQ.TAUJMP) PSI=PSI-PJMP 
IF(KKSTP.GE.O) 73,72 

72 PRINT 191,T 
GO TO 1 

73 V0=F(1) 
ZfcTA=F(2) 
U0INC=F(3) 
UAINC=F(4) 
TS=T/PLASIMP 
VOS=VO/PLASIMP 
IFINZINT.EO.C) GO TO 74 
IFIZETA.LE.NZ'DZ) GO TO 93 
IFIZfTA.GE.INZ+l)»DZ) GO TO 95 

74 IFIPSI»ZETA.GT.:.5) GO TO 122 
IFIVO.LT.T.O) GO TO 100 

75 UO=UO+UCINC 
UOS = U0/PLASI,1P»#2 
IFINZINT) 76,78 

76 DU 77 IZ=1,NZ 

U(IZ)=U(IZ)+UOINC-IZ»DZ«UAINC 
USlIZ)=UIIZ)/PLASIMP».2 

77 CONTINUE 
78 NZ=NZZ 

IF(ABSF(TPR-T).LE.EPSPR) GO TO 82 
C»»»» INTERMEDIATE PRINTOUT 

IFIISCALE) GO TO 80 
PRINT 188,T,PSI,UO.VO,ZETA,NCFNS 
PRINT ia9,(UIIZ),IZ=l,NZT0T) 
GO TO 81 

80 PRINT 188,TS,PSI,U0S,VOS,ZETA,NOFNS 
PRINT 18S,IUSIIZ),IZ=1,NZT0T) 

81 IFIVO/FMAXID.LE.EPSRV) ' 00, 70 
C.... SCHEDULED PRINTOUT 

82 IFlISCALE) On TO 83 

PRINT 187,T,PSI,U0,V0,ZETA,NCFNS 
PRINT 19r,lu(IZ),IZ = l,NZT0n 
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83 PRINT 1 8 7 , T S , P S I , U 0 S , V 0 S , Z E T A , N O F N S 
PRINT 1 9 C > I U S I I Z ) , 1 Z = 1 , N Z T 0 T ) 

85 I F ( T P R . E C . T F ) GO TO 1 1 0 
I F I V O / F M A X I D . L E . E P S R V ) GO TO 1 0 0 
I F I T P R . E C . T A l ) J M P . A N D . I P S I + P J M P ) . Z E T A . G T . 1 . 5 ) GO TO 2 2 2 
I F I T P R . E C . T A U J M P ) J J M P = J J M P + 1 
I F I T P R . E C . T A U M A X ) JMAX=JMAX+1 
I F I T P R . E C . T C T ) I T = I T » 1 
GU TO 58 

C.».. ZETA HAS CROSSED NZ«OZ FROM RIGHT TO LEFT IN THIS TIME INTERVAL 
90 MZZ=NZ-i 
91 UOP=UO+UCINC 

UDPS = U0P/PLASI,MP«»2 
IFlISCALE) GO TC 92 
PkINT 168,T,PSI,UOP,VO,ZETA,NOFNS 
GO TO 93 

92 PRINT 1S8,TS,PSI,OOPS,VOS,ZETA,NOFNS 
93 H=(T-TT)«INZ»0Z-FFI2) )/(ZETA-FFI2)) 

CU 94 1=1,4 
94 Fl I )=FFI I) 

T = TT 
CALL 01FSUB(NEq,T,F,0F,H,DTMIN,EPSERR,M0RD,METH,FMAX,RLTVER,KKSTP) 
PSI=PSIFUN(T) 
IFIT.EO.TAUJMP) PSI=PSI-PJMP 
I F I K K S T P . L T . C ) 00 TO 72 
VO=FII) 
ZETA=F|2) 
U0INC=FI3) 
UAINC=F14) 
TS=T/PLASIMP 
VOS=VQ/PLASIMP 
IFIABSF1ZETA-NZ»0Z).LE.EPSZ) 74,91 

C»«»» ZETA HAS CROSSED INZ*1)»DZ FROM LEFT TO RIGHT IN THIS TIME INTERVAL 
95 .NZZ = NZ + 1 
96 UOP=UO+UCINC 

U0PS=U0P/PLASIMP«»2 
IFIISCALE) GO TO 97 % 
PRINT 188,T,PSI,UOP,VO,ZETA,NOFNS 
GO TO 98 

97 PRINT 188,TS,PSI,UOPS,VOS,ZETA,NOFNS 
98 H=IT-TT).(|NZ*1)»0Z-FFI2))/IZETA-FFI2)) 

DO 99 1=1,4 
99 FlI ) = FF( I ) 

T = TT 
CALL CIFSUBINE0,T,F,0F,H,0TMIN,EPSERR,M0RD,METH,FMAX,RLTVER»KKSTP1 
PSI=PSIFUNIT) 
IFIT.EO.TAUJMP) PSI=PSI-PJMP 
IFIKKSTP.LT.O) GO TO 72 
V0=FI1) 
ZETA=FI2) 
U0INC=F(3) 
UAINC=FI4) 
TS=T/PLASIMP 
VOS=VO/PLASIMP 
IFIABSFIZETA-INZ+1)»DZ).LE.EPSZ) 74,95 

C<<>***>> OEFCRMATION STOPS BEFORE TF 
100 IFIABSFIVCS).LE.EPSV1) GO TO 101 

C««»» EXTRAPOLATE TO VO=C, APPROXIMATELY 
H=IT-TT).V0/IFF(1)-V0) 
GO TO 71 

ICl IFIA8SFIV0S).GT.EPSV2) GO TO 102 
PRINT 192 

http://IFIKKSTP.lt
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GO TO 1 

cMi I I T Z I SERIES TO IMPROVE APPROXIMATION TO V0 = 0 

C»»«» COEFFICIENTS 
CALL PSICOEFIT.SPSI) 
PO=PSI 
P1=SPSI111 
P2=SPSII2) 
P3=SPSII3) 
P4=SPSII4) 
AO=ZETA 
Bu = VO 
CO=BO/AO 
A1=13.0-2.0»PC«AQ-AC»»2)/IA0«80) 
Bi=(4.D«PO»AO-AC»»2-3.0)/AO»«2 
A2:lBS'.Ai:*2iBt2Al.AO*2.C.|PC.Al.Pl.AO*Al.AO))/l-AO.BO) 
B2=-(B1«A1.A0-2.'J»IP0»A1 + P1«A0)+A1»A0)/A0»»2 

A3;-?3:ciBSiA"l"2'Si!Bl.A2.A0.Bl.A1..2*B2.Al.A0.2.0.|P0.A2+:Pl.Al 
1 +P2.AO+A2»AO)+Al«»2)/I3.C»AO»BO) 
D3 = -(4.C«B2«Al.A':t2.0»Bl«A2»A0 + Bl«Al"2-4.O«(PO»A2+PUAl + P2»AOI 

*-2.C*A2«A0 + Al*»2)/l3.O»AC»»2) 
'C3=IH3-C2«A1-C1«A2-C0»A3)/A0 , , „ „ , . , . , 
AA=-(4.r«B:)«A3«Al + 3.C*Bl«A3«A0 + 2.0«B0»A2»»2 + 3.O«Bl»A2»Al 

+ 2.C«B2«A2»Ai5 + B2«Al»»2 + B3»Al»A0 + 2.0»IP0»A3+Pl»A2«-P2»Al + P3»A0 
i +A3«A:+A2*A1))/l4.0«AO»BC) 
R4=-(3.C«B3«Al»AOt2.0»B2»A2«A0 + B2»Al«»2*Bl»A3»AO+Bl»A2»Al 

-2.0.|P'-:»A3 + P1»A2 + P2»A1 + P3»AO)+A3»AO+A2»A1)/I2.0»AO»»2) 
C4=lB4-C3»Al-C2»A2-Cl»A3-Ca«A4)/A0 
A5=-I5.0»RO»A4«A1+4.0»B1«A4«AO + 5.0»BO»A3»A2 + 4.0»B1»A3«A1 

+ 3.O»B2«A3*A0 + 2.a»Bl«A2»«2+3.O«B2»A2»Al + 2.0»B3»A2»A0 + B3»Al«»2 
2 +B4«Al«A0 + 2.0»IPC»A4tPl»A3 + P2»A2 + P3»Al + P4»A0 + A4»A0+A3«Al) 
3 +A2»»2)/15.l/»A0»BO) 
B5=-I8.C»B4»A1»A'>+6.C»B3«A2»AO+3.0»B3«A1»»2 + 4.0»B2»A3»AO 

+ 4.C«82«A2«Alt2.0»Bl«A4«A0 + 2.0*Bl»A3»Al + Bl»A2«»2-4.0»(P0»A4 
+ Pl«A3 + P2»A2 + P3»Al + P4»AO)+2.0»A4»AOt2.0»A3»Al + A2»»2) / 
I5.0*AO««2) 

C5=IB5-C4«AI-C3*A2-C2»A3-C1»A4-C0»A5)/A0 
C...» EVALUATE POWER SERIES 

XDELT=-4.T»82«BC/B1«»2 
DELT=XDELT.B1/(2.0»B2)/ISQRTFI1.0+XDELT1+1,0) 
T=T+DELT 
PS1=PSIFLNIT) 
ZETA = A0 + Al»DELT + A2»DELT»»2 + A3»DELT»»3 + A4»0ELT»»4tA5»0ELT»»5 
VQ = Br; + Bl«DELTtB2»DELT«»2 + B3»CELT»«3tB4»0ELT»»4+B5»0ELT»»5 
U0INC = BC«0ELT + Bl«DELT««2/2.0 + B2»DELT»»3/3.0tB3»0ELT»»4/4.O 
1 +B4»CELT«»5/5.0+B5»DELT»»6/6.C 
UAINC = C(;«0ELT + Cl»DELT»«2/2.O + C2«0ELT»»3/3.0+C3»OELT»»4/4.O 
1 tC4«CELT«»5/5.0+C5»DELT»»6/6.0 
TS=T/PLASIMP 
V0S=V0/PLASIMP 
GO TO 75 

C«>>««>>< COASTDOWN CALCULATION AFTER PULSE ENDS, T .GT. TF 
110 PRINT 193 

ZETAF=ZETA 
VOF=VO 
UOF=UO 
IFINZINT.EQ.O) GO TO 109 
DO u i IZ=I ;NZTOT 

111 U F ( I Z ) = U ( I Z ) 
109 p s i = n . o 
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112 

113 

114 

115 
C •»•• 

115 

C *«*• 

C • ••• 
117 

118 

119 
120 

121 

C»»«. 

c ••* • 
122 

124 

125 

AF=I3.0-ZETAF»»2I/IV0F.ZETAF) 
BF=ZETAF-AF»TF 
TEND=ISCRTFI3.0)-BF)/AF 
IT = 3 
IT=IT+1 
T=IT»OT 
IFIT.LE.TF) GO TO 112 
ZETA=AF«T+BF 
V0=I3.0-ZETA»«2)/|AF»ZETA) 

U0 = U 0 F - H I Z E T A F . . 2 - Z E T A . . 2 ) / 2 . 0 + 3 . 0 « L O G F I Z E T A / Z E T A F ) I / A F » . 2 
I F I I S C A L E ) GO TU 114 
PRINT 1 9 4 , T , P S I , U O , V O , Z E T A 
GO TO 1 1 5 
T S = T / P L A S I M P 
V O S = V Q / P L A S I M P 
U0S=U0/PLASIMP««2 
PRINT 194,TS,PSI,UOS,VOS,ZETA 
IFINZINT.EQ.O) GO TO 121 
CALCULATE UIZ,T) 
IZ = 0 
IZ=IZ*1 
Z=IZ»DZ 
IFIZ.GT.ZETAF) GO TO 117 
Z IS BETWEEN ZERO AND ZETAF 
UIIZ)=UFIIZ)t|IZETAF-ZETA).|ZETAF*ZETA-2.0»Z)/2.0 
1 +3.0«LOGFIZtTA/ZETAF)+3.C»Z«l11.0/ZETA)- 11.O/ZETAF)))/AF»»2 
GO TO lit 
Z IS BETWEEN ZETAF AND ZETA 
IFIZ.GT.ZETA) GO TO 118 
UIIZ)=UFIIZ)+l-IZETA-Z)»«2/2.O+3.O«LOGFIZ£TA/Z)*3.0»IZ/ZETA-1.0)) 
1 /AF»»2 
GU TO lit 
IFlISCALE) GO TO 119 
PRINT 19C,lUIIZ),IZ=1,NZT0T) 
GO TO 121 
00 120 IZ=1,NZT0T 
USIIZ)=UIIZ)/PLASlMP«»2 • 
PRINT 190,IUSI IZ), IZ = l,NZTOT) 
IFIT.EQ.TEND) GO TO 1 
IT=ITtl 
T=IT»DT 
IFIT.LE.TENC) GO TO 113 
T=TEND 
GO TO 113 
.... MOTION GOES INTO "HASE 2 TYPE DEFORMATION PATTERN 
FIND TIME TAU12 AT WHICH MOTION GOES INTO PHASE 2 
CONTINUE 
EPSPH2=C.C3001 
V02=V0 
ZETA2=ZETA 
T2 = T 
PSI2=PSI 
V01=FFI1) 
ZETA1=FFI2) 
Tl = TT 
PSI1=PSIFUN(T1) 
UOP=UO+UCINC 
U0PS=U0P/PLASIMP..2 
IFIISCALE) GO TO 125 
PRINT 188,T,PSI,UOP,VO,ZETA,NOFNS 
GO TO 126 
PRINT 188,TS,PSI,UCPS.VOS,ZETA,NOFNS 
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126 H=(T2-Tl).ll.5-PSIl.ZETAl)/IPS12»ZETA2-PSIl»ZETAi) 
DO 127 1=1,4 

127 FlI)=FFII) 
T = T1 
CALL DIFSUBINeQ,T,F,DF,H,DTMIN,EPSERR,MORO,METH,FMAX,RLTVER,KKSTP) 
PSI=PSIFUNIT) 
IFIKKSTP.LT.O) GO TO 72 
V0=FI1) 
ZETA=FI2) 
U0INC=F(3) 
UAINC=FI4) 
TS=T/PLASIMP 
V0S=V0/PLASIMP 
IF(ABSFIPSI.ZETA-1.5).LT.EPSPH2) GO TO 130 
IFIPSI»ZETA.GT.1.5) GO TO 129 
T1 = T 
ZETA1=ZETA 
PSI1=PSI 
DO 128 1=1,4 

128 FFII)=FII) 
GO TO 124 

129 T2=T 
ZETA2=ZETA 
PSI2=PSI 
GO TO 124 

130 CONTINUE 
UO=UO+UCINC 
U0S=U0/PLASIMP.«2 
00 131 IZ=1,NZ 

U( IZ)=UIIZ)tuaiNC-IZ»OZ*UAINC 
USIIZ)=UIIZ)/PLASIMP.»2 

131 CONTINUE 
TAU12=T 
PRINT 195,T,TS 
ETA=ZETA 
IFIISCALE) GO TO 132 
PRINT 196,T,PSI,UO,VO,ZETA,ETA,NOFNS 
PRINT 19C,(UIIZ),IZ=1,NZT0T) 
GO TO 133 

132 PRINT 196,TS,PSI,UOS,VOS,ZETA,ETA,NOFNS 
PRINT 19C,(USIIZ),IZ=1,NZT0T) 

133 CONTINUE 
KPHASE=1 
K21 = 0 
K22 = 0 
F(1)=V0 
F(2)=VAUX=V0/ZETA 
JDM=1001 
0MEGALIJCM)=TAU12 
ZLIJOM)=ZETA 

''Tu Z M ' ' ' ' ' ' ' ' ' ' '"'"' '"'^ "^'^^ 2 OCCURS AT T 
PRINT 19c,T-,Ts 

ZETA1=ZETA2=ETA2=ETA=ZETA 
PSI2=1.5/ZETA2 
K21=K22=0 
PSI=PSltpjMp , 
ZETA=1.5/PSI 
IFIISCALE) GO TO 223 

-;nM^?:lu?^l?:r^:r?^^-?f-«.-^Ns 
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PRINT 196,T,PS I,UO.VO,ZETA,ETA,NOFNS 
PRINT 19';,(UI IZ), IZ = 1,NZT0T) 
GO TO 224 

223 PRINT 196,TS,PSI2,UOS,VOS,ZETA2,ETA2,NOFNS 
PRINT 19C,(USIIZ),IZ=1,NZT0T) 
PRINT 196,TS,PSI,U0S,VOS,ZETA,ETA,NOFNS 
PRINT 19C,IUSI1Z),IZ=1,NZT0T) 

224 VAUX2=VAUX=VO/ZETA2 
VZETA2=0 
VZETA=VC-VAUX»ZETA 
CMEGALI1C01)=TAU12 
ZLIIOCI)=ZETA2 
0MEGALI10CO)=VZETA+TAU12 
ZLI10C0)=ZETA 
J0M=100C 
FI1)=V0 
FI2)=VAUX 
JJMP=JJMP+1 
IFITAU12.E0.TDT) IT=IT+1 
IFITAU12.EQ.TAUMAX) GO TO 226 
KPHASE=1 
GO TO 229 

225 JMAX=JMAX+1 
KPHASE=2 

229 CONTINUE 
C» •• PHASE 2 DEFORMATION 
C»».» INTEGRATION TIME STEPS AND PRINTOUT TIMES 

NT2 = 10 
NT3 = 2 
OT2»OT/NT2 
DT3= DT2/NT3 
TDT=IT.CT 
00 231 IT2=1,NT2 
TDT2'TDT-INT2-IT2)«OT2 
IFIT0T2.GT.TAU12) GO TO 232 

231 CONTINUE 
GO TO 1 • 

232 00 233 IT3=1,NT3 
TDT3=TOT2-INT3-IT3).DT3 
IFITDT3.GT.TAU12) GO TO 235 

233 CONTINUE 
GO TO 1 

235 IFIJJMP.GT.NOJMP) 235,237 
236 TAUJMP=2.1»PLASIMP 

PJMP=0.0 
GO TO 238 

237 TAUJMP=TJMPIJJMP) 
PJMP=PSIJMPIJJMP) 

238 IFlJMAX.GT.NOMAX) 239,240 
239 TAUMAX=2.'3»PLASIMP 

PMAX=0.0 
GO TO 241 

240 TAUMAX=TMAXIJMAX) 
PMAX'PSIMAXIJMAX) 

241 TDT=IT.CT 
242 TDT2=TOT-INT2-IT2)«OT2 
243 T O T 3 = T O T 2 - ( N T 3 - 1 T 3 ) . O T 3 

T P R = A M I N 1 I T D T 2 , T A U J M P , T A U M A X ) 
2 4 4 TCAL = A M I M I T 0 T 3 , T A U J M P , T A U M A X ) 

C « . » » USE SUBROUTINES D IFSUB AND D I F F U N 
2 4 6 T 1 = T 

P S 1 1 = P S I 
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ZETAi=ZETA 
ETA1=ETA 
V01=V0 
VAUX1=VALX 

249 FI3)=FI4)=:'.? 

" ° C A L " D i F S U B I N E Q , T , F , D F , H , D T M I N , E P S E R R , M O R D , M E T H , F M A X , R L T V E R , K K S T P ) 

PSI=PSIFUNIT) 
IFIT.EO.TAUJMP) PSI=PSI-PJMP 
IFIKKSTP.LT.O) GO TO 72 
IFIABSFITCAL-T).GT-EPSPR) GO TO 250 
va=Fii) 
VAUX=FI2) 
U0INC=FI3) 
UAINC=FI4) 
TS=T/PLAS1MP 
V0S=V0/PLASIMP 
IFIKPHASE.EC.2) GO TO 253 

C.»»» T I S BETWEEN TAU12 AND TAUMAX IKPHASE=1) 
252 ZETA=1.5/PSI 

VZETA=VC-VAUX»ZETA 
J0M=J0M-1 
CMEGALIJCM)=VZETA+T 
ZLIJOM)=ZETA 
ETA=OMEGINVIT) 
GO TO 265 

C«.»» T IS BETWEEN TAUMAX AND TAU21 IKPHASE=2) 
253 ZETA=ZETAEQ(VAUX,VO+T) 

ETA=nMEGINVIT) 
VZETA=VC-VAUX.ZETA 
IFIK21) GO TO 255 
IFIK22) GO TO 258 
IF(ETA.LE.ZETA) GO TO 254 
IFIPSI.ZETA.GT.1.5C001) GO TC 257 
GO TO 265 

C».». T IS IN THE VICINITY OF TAU21 
254 K21=l 
255 IFIABSFIETA-ZETA).LE.EPSZ) GC TO 259 

TCAL=IT.|ETA1-ZETA1)+T1.|ZETA-ETA))/IETA1-ZETA1 + ZETA-ETA) 
T = T1 
FI1)=V01 
FI2)=VAUX1 
GO TO 249 

C.«.. INTERPOLATE TO PSI.ZETA=1.5 
257 K22=l 
258 IF(A8SFIPSI.ZETA-1.5).LE.EPSZ) GO TO 259 

TCAL=IIPSI»ZETA-1.5).ZETA1.T1+I1.5-PSI1.ZETA1).ZETA»T)/ 
1 IIPSI«ZETA-1.5)»ZETA1+I1.5-PSI1.ZETA1).ZETA) 
T = T1 
FI1)=V01 
FI2)=VAUX1 
GO TO 249 

259 TPR=T 
GO TO 265 

C..». DEFORMATION CALCULATIONS 
265 UO=UO+UCINC 

U 0 S = U 0 / P L A S I M P * . 2 
00 268 IZ= i l ,NZTOT • 
Z= IZ»DZ 
I F I Z . G T . Z E T A ) GO TO 266 

UIIZ)=UIIZ)+UOINC-Z.UAINC 
GO TO 267 
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266 

257 
258 

C •«»« 

259 

270 

C * ... 
272 

275 

C *.». 
277 

278 

279 

C . ... 
280 

281 

282 

285 

IFIZ.GT.ETA) GO TO 258 
UI IZ)=UI IZ)-f I-0.5«IT + T1)+0MEGAIZ))»(T-T1) 
USlIZ)=UIIZ)/PLASIMP».2 
CONTINUE 
PRINTOUTS 
IFIABSFIT-TPR).LE.EPSPR) T=TPR 
IFIT.EO.TPR) 269,272 
IFlISCALE) GO TO 270 
PRINT 196,T,PSI,UO,VO,ZETA,ETA,NOFNS 
PRINT 19C,IUIIZ),IZ=l,NZTOT) 
GO TO 275 
PRINT 19t,TS,PSI,UOS,VOS,ZETA,ETA,NOFNS 
PRINT 19C,(USIIZ),IZ=1,NZT0T) 
GO TO 275 
BRANCHING 
IT3=IT3+1 
GO TO 243 
IFIK21) GO TO 277 
IFIK22) GO TO 280 
IFIT.EO.TAUJMP) GO TO 285 
IF IT.EQ.TAUMAX) GC TO 295 
IFIT.E0.T0T2) GO TO 297 
GO TO 1 
T EQUALS TAU21 IRETURN TO PHASE 1 CALCULATION) 
KPHASE=0 
PRINT 197,T,TS 
IFIT.GE.TF) GO TO 279 
FI1)=V0 
FI2)=ZETA 
NZ=NZZ=NZTOT 
IFINZ.OZ.LE.ZETA) GO TO 70 
NZ=NZZ=NZ-1 
GO TO 278 
TF»T 
GO TO 110 
T EQUALS A NEW TAU12 IHINGE BAND BEGINS TO EXPAND AGAIN) 
TAU12=T 
KPHASE=1 
K22 = 0 
PRINT 19e,T,TS 
DO 281 JZ=JCM,10CO 
IFIZETA.GE.ZLIJZ).AND.ZETA.LE.ZLIJZ + 1))G0 TO 282 
CONTINUE 
J0M=J0M-1 
CMEGALIJCM)=VZETA+T 
ZLIJOM)=ZETA 
GO TO 242 
OM=OMEGAIZETA) 
J0M=JZ-1 
CMEGALIJZ)=CM 
CMEGALIJCM)=VZETAtT 
ZLIJZ)=ZLIJOM)=ZETA 
GO TO 242 
T EQUALS TAUJMP 
JJMP=JJMP*1 
PSI1=PSI 
PSI=PSI*PJMP 
IFIPJMP.LE.r.Ol GO TO 292 
IFIKPHASE.tC.2) GO TO 286 
J0M=JCM-1 
ZETA=1.5/PSI 
VZETA=VC-VAUX»ZETA 
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286 

287 

288 

289 

290 

291 

292 

293 

294 
295 

296 
297 

298 

C*... 
170 
171 
172 
173 
174 

175 F 
1 
2 
3 
4 

CMEGALIJCM)=VZETA+T 
ZLIJOM)=ZETA 
GO TO 292 
I F 1 P S I . Z E T A . L T . 1 . 5 ) GO TO 292 
PSI2=1.5/ZETA 
ZETA2=ZETA 
VZETA2=VZETA=V0-VAUX»ZETA 
PRINT 196,T,TS 
IFIISCALE) GO TU 287 
PRINT 196,T,PSI2,U0,VO,ZETA2,ETA,NOFNS 
PRINT 19C,(UIIZ),IZ=1,NZT0T) 
GO TO 288 
PRINT 196,TS,PSI2,UOS,VOS,ZETA2,ETA,NOFNS 
PRINT 19C,IUSIIZ),IZ=1,NZT0T) 
TAU12=T 
DO 289 JZ=JCM,1000 
IFIZeTA2.GE.ZL(JZ).AND.ZETA2.LE.ZLIJZ+1)) GO TO 290 
CONTINUE 
J0M=JCM-1 
OMEGALIJCM)=VZETA2+T 
ZLIJ0M)=ZETA2 
GO TO 291 
CM=0MEGA|ZETA2) 
J0M=JZ-1 
CMEGALIJZ)=CM 
CMEGALIJGM)=VZETA2+T 
ZLIJZ)=ZLIJCM)=ZETA2 
ZETA=1.5/PSI 
VZETA=VC-VAUX.ZETA 
KPHASE=1 
JOM=JOM-1 
CMEGALIJCM)=VZETA+T 
ZLIJOM)=ZETA 
IFIISCALE) GO TO 293 
PRINT 196,T,PSI,U0,V0,ZETA,ETA,N0FNS 
PRINT 19C,IUIIZ),IZ=l,NZT0T) 
GO TO 294 

PRINT 196,TS,PS I,UOS,VOS,ZETA,ETA,NOFNS 
PRINT 190,IUSIIZ),IZ=1,NZT0T) 
IFIT.NE.TAUMAX) GO TO 296 
JMAX=JMAX+1 
KPHASE=2 
IF(T.E0.TDT2) 297,235 
IT3 = 1 
IFIIT2.EC.NT2) GO TO 298 
IT2=IT2+1 
GO TO 235 
IT2 = 1 
IT=ITtl 
GO TO 235 
... FORMATS 
FORMATIICAfl) 
F0RMATI1HI,7X.PR0GRAM R I NGL0AD.//8X , •• r)A8 ) 
F0RMATII2,2X,I2,2X,I2) 'o*,-JA«) 
F0RMATIlHn,7X«INPUT ERR0R./8X.KST0P =.171 
FORMATI1H0,7X.INSTJMP =.12 
n,.MA;,,'l!iS'S*^"'"~' *'̂  INSTANTANEOUS JUMP AT TYIELD.) 
ORMATI1HO,7X.PULSE PARAMETERS./12X 

•PULSE BEGINS AT TAUO =.E12.5/12X 
•PULSE ENDS AT TAUF =.Ei2.5/12X 
•PLASTIC FLOW STARTS AT TY =.E12.5/12X 
•TOTAL IMPULSE TOTIMP =^E12.5/12X 

http://IF1PSI.ZETA.lt
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5 .PLASTIC IMPULSE (IMPULSE AFTER TY) PLASIMP = I =»E12.5/12X 
6 .MEAN TIME OF PULSE TM =.E12.5/12X 
7 .EFFECTIVE LOAD PSIE =«E12.5) 

176 FQRMATI1H0,7X.SCALED PULSE PARAMETERS»/12X 
1 »TAUC/I =.E12.5/12X.TAUF/I =.E12.5/12X 
2 «TY/I =.£12.5/12X.TM/I =.E12.5) 

177 F0RMATIIH0,7X.LOCATIONS OF RELATIVE MAXIMA OF PULSE»/3X.K.7X 
1 .TMAX.12X.PSIMAX.11X.TMAX/I./(I4,3E17.7)) 

178 FORMATI1H0,7X.THE SELECTED OUTPUT INTERVALS ARE»/12X 
1 "TIME INTERVAL DT =.E12.5/12X 
2 •SCALED TIME INTERVAL OTS = DT/I =.E12.5/12X 
3 .AXIAL INTERVAL DZ =^E12.5) 

179 FORMAT(1HO,7X.SELECTEO SCALED TIME INTERVAL IS TOO LARGE,* 
1 /8X.I.E., NTSINT IS SMALLER THAN TEN..) 

ISO FORMATI1H0,7X.INSTANTANEOUS JUMPS IN PULSE SHAPE»/3X«K»7X 
1 .TJfP»12X«PSlJMP»llX.TJMP/I./(I4,3E17.7)) 

181 F0RMAT(1H0,7X.SELECTED AXIAL INTERVAL FOR OISPLACBMENT PRINTOUT • 
1 .IS TOO SMALL,'/SX.I.E., NZINT IS LARGER THAN 25») 

182 F0RMAT(1H1,8X.T/I^12X^PSI(T)^9X«U(0,T)/I/I.8X.V(0»T)/I.1CX 
1 .ZETA(T).lOX.ETAIT).llX.NOFNS^) 

183 FORMATI1 HO,37X»UI1CZ,T)/1/I.5X.UI2DZ,T)/I/I»5X.UI3DZ,T)/1/I.5X 
1 .UI4CZ,T)/I/I.5X.UI5DZ,T)/I/I«/38X.UI60Z,T)/UI.5X 
2 •UI7CZ,T)/I/I.5X^UI80Z,T)/I/I»5X^UI90Z,T)/I/I«5X 
3 .UI1CDZ,T)/I/I.) 

184 F0RMATI1H1,9X.T.13X.PSI(T).11X.UI0,T)^11X^VI0,T).11X.ZETAIT).10X 
1 .ETA(T).11X.NOFNS.) 

185 FORMATI1H0,39X.UI1CZ,T).9X»UI2DZ,T).9X»UI3DZ,T)»9X.U(4DZ,T).9X 
1 .UI5CZ,T)./40X.UI6DZ,T).9X.UI70Z,T).9X.UI80Z,T)»9X.U(9DZ,T). 
2 9X»UI10CZ,T).) 

187 FORMATIlhO,/5E17.7,17X,I10) 
188 FORMATI1HO,/2X,5E17.7,17X,I1C) 
189 FORMATI 1I-0,35X,5E17.7/I35X,5E17.7)) 
190 F0RMATI1H0,33X,5E17.7/I34X,5E17.7)) 
191 FORMATI1H0,7X.NO CONVERGENCE IN STEP TO T =.E12.5) 
192 FORMATI 1H0,7X.DEFORMATION STCPS BEFORE END OF PULSE*) 
193 FORMATI1H0,7X.DEFORMATION CONTINUES AFTER END OF PULSE*) 
194 FORMATI1H0,/5E17.7) 
195 F0RMAT(1H0,//8X.A HINGE BAND FORMS AT T =»E12.5», T/I =»E12.5) 
196 FORMATI IHO,/6E17.7, U O ) 

197 FORMAT( 1I-C,//8X.THE HINGE BAND REDUCES TO A HINGE CIRCLE AT T =• 
1 E12.5., T/I =«E12.5) 

198 FORMATI1H3,//8X.THE HINGE BAND BEGINS TO EXPAND AGAIN AT T =» 
1 E12.5», T/I =.£12.5) 

199 FORMATI1H0,//8X.A HINGE BAND FORMS INSTANTANEOUSLY AT T =• 
1 E12.5«, T/I =.E12.5) 
END 
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SUbROUTIKE CIFFUNIT,F,DF) 

SUBROUTINE WHICH PROVIDES RINGLOAD PROGRAM WITH RIGHTHANO SIDES OF 

C DIFFERENTIAL EQUATIONS 

C 
CIMEMSICN FI4),DF(4),SPSII4) 
COMMON/CCMOIF/N0FNS,KPHA5E,TAUJMP,PJMP 
PSI=PSIFLN|T) 
IFIT.EO.TAUJMP) PSI=PSI-PJMP 

C..,. FI1)=V0, FI3)=U0INC, FI4)=UAINC 
IFIKPHASE-l)4nj,401,4^2 

C.«^. MOTION IS IN PHASE 1 IKPHAS£=C) 
400 V0=F(1) 

ZETA=FI2) 
DFi:) = l4.-!^PSI-3.r./ZETA-ZETA)/ZETA 
DFI2)=l-2.3»PSI+3.C/ZETA-ZETA)/VO 
CFI3)=VC 
DFI4)=VC/ZETA 
GO TO 404 

C»..^ MOTION IS IN PHASE ? IKPHASE=1) 
4-)l V0 = FI1) 

VAUX=F(2) 
ZETA=1.5/PSI 
GO TO 403 

C.... MOTION IS IN PHASE 2 IKPHASE=2) 
402 V0=F(1) 

VAUX=FI2) 
ZETA=ZETAEQIVAUX,VCtT) 

40 3 DFI1) = I4.-)»PSI-3.C/ZETA-ZETA)/ZETA 
CF(2)=6.0.(PSI.ZETA-1.0)/ZETA..3 
DFI3)=VC 
0FI4)=VAUX 

404 N0FNS=NCFNS+1 
END 

FUNCTION CMEGAIZ) 
C 
C FINDS OMEGAIZ) BY LINEAR INTERPOLATION IN THE TABLE OMEGAL 
C 

COMMON/CCMOMEG/JGM,OMEGAL I IOC 1),ZLI1^01) 
CO 530 JZ=JCM,1C0: 
!FIZL(JZ).E0.ZL1JZ+1)) GO TO 500 
IFIZ.GE.ZLIJZ).AND.Z.LE.ZLIJZ+1)) GO TO 501 

50C CONTINUE 
IFIZ.GT.ZLIIOOI)) 506,507 

5n5 PRINT 51C,Z,IJZ,ZLIJZ),OMEGALIJZ),JZ=JOM,1001) 
STOP 

507 CONTINUE 
IFIZ.LT.ZLIJOM)) JZ=jnM 

501 nMEGA=(CMEGALIJZ + 1).|Z-ZL(JZ) I+OMEGALI JZ)•IZLI JZ+1) - Z ) ) 
1 /(ZLIJZ+i)-ZL(JZ)) 

51C FORMATI lhr;,7X.OMEGA STOP, Z =^E12. 5 / I 8X, I 6, 2E17. 7 ) ) 
ENC 



51 

FUNCTION OMEGINV(X) 
C 
C SOLVES X = CMEGAIZ) FOR Z 
C 

COfMON/CCMOMEG/JOM,OMEGALIlOCl),ZLI1001) 
DO 55C JZ=JCM,1C0C 
IFIOMEGALIJZ).£0.OMEGALI JZ + D ) GO TO 550 
IFIX.LE.CMEGALIJZ).AND.X.GE.CMEGALIJZ+1)) GO TO 551 

550 CONTINUE 
IFIX.LT.CMEGALI 1001 ) ) 555,557 

555 PRINT 56C,X,IJZ,ZLIJZ).OMEGALIJZ),JZ=JOM,1001) 
STOP 

557 CONTINUE 
IFIX.GT.CMEGALIJOM)) JZ=JOM 

551 OMEGINV=IZLIJZ*1)»IX-0MEGALIJZ))•ZLIJZ)•IOMEGALIJZ*1)-X)) 
1 /lOMEGALIJZ + D-OMEGALI JZ) ) 

550 FORMATI1HO,7X»OMEGINV STOP, T =.£12.5/I8X,I 6,2E17.7) ) 
END 

FUNCTION ZETAECIA,R) 
C 
C SOLVES THE EQUATION 0MEG4IZ) = B - A.Z FOR Z, WHERE 
C CMEGAIZ) = AOM|J).Z * BOMIJ) 
C 

COMMON/CCMOMEG/JOM,OMEGA LIirCl),ZLIlC01) 
DO 600 JZ=J0M,1J00 
IFIZLIJZ).£Q.ZLIJZ + 1) ) GO TO 600 
AUM=|OMEGALIJZtl)-CMEGALIJZ))/IZLIJZ*l)-ZLIJZ)) 
BOM=IGMEGALIJZ).ZLIJZtl)-OMEGALIJZ*l).ZLIJZ))/IZLIJZ*l)-ZLIJZ)) 
IFIABSFIAtAOM).GT.C.COOOCl) GO TO 6D3 
Z£TAE3=ZLIJOM) 
RETURN » 

603 CONTINUE 
Z=IB-BOM)/IA+AOM) 
IFIZ.GE.ZLI JZ).AND.Z.LE.ZLI JZ + U ) GO TO 601 

600 CONTINUE 
AOM=IOMEGAL(JCMtl)-OMEGAL(JOK))/(ZL(J0M*1)-ZL ( JOM) I 
BOM=(OMEGALIJOM).ZLIJOM+1)-OMEGALIJOM+1).ZLIJOM)) 

1 /IZLlJ0M+1)-ZLIJOM)) 
Z=IB-BOM)/lA+AOM) 
IFIZ.GT.ZLIJOM)) 606,501 

505 PRINT 61C,Z,IJZ,ZLIJZ),OMEGALIJZ),JZ=JOM,10011 
STCP 

601 ZETAEC=Z 
510 FORMATI 1H.O,7X.ZETAEO STOP, Z =.£ 12. 5/I 8X, I 6, 2E17. 7) ) 

ENC 
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SUBROUTINE PULSE INF I TO, TF, TYIELD, TOT I MP, PLASIMP,TMEAN.NOMAX,. 
1 TMAX,PSIMAX,INSTJMP,NOJMP,TJMP,PSIJMP,KSTOP) 

C SUBROUTINE WHICH PROVIDES RINGLOAD PROGRAM WITH BASIC INFORMATION 
C ON PULSE SHAPE. 
C 
C PIECEWISE LINEAR VERSION. 
C THE PULSE SHAPE IS DESCRIBED BY GIVING PSI VALUES AT A NUMBER OF 
C TIME POINTS AND USING LINEAR INTERPOLATION. 
C 
C REQUIRED INPUT FROM DATA CARDS 
C CARD 3. F0RMATII2) 
C NJ (NUMBER OF INPUT DATA POINTS) 
C CARDS 4,5,5.... FORMAT I2E15.7) 
C TJIJ) AND PSIJIJ) lOATA POINT PAIRS) 
C 
C OUTPUT TC RINGLOAD 
C TO ITIME AT WHICH PULSE BEGINS) 
C TF ITIME AT WHICH PULSE ENDS) 
C TYIELD ITIME AT WHICH PLASTIC FLOW FIRST OCCURS, PSI=1.0) 
C TOTIMP ITOTAL IMPULSE) 
C PLASIMP IIMPULSE AFTER TYIELD) 
C TMEAN ITIME MEAN OF PLASTIC IMPULSE MEASURED FROM TYIELD) 
C NOMAX INUMBER OF RELATIVE MAXIMA) 
C TMAXIK) AND PSIMAXIK) (LOCATIONS AND VALUES OF RELATIVE MAXIMA) 
C INSTJMP (IF POSITIVE,PULSE HAS INSTANTANEOUS JUMP AT TYIELD) 
C NOJMP INUMBER OF TIMES AT WHICH PSI HAS AN INSTANTANEOUS JUMP) 
C TJMPIK) AND PSIJMPIK) ILOCATIONS AND VALUES OF JUMPS) 
C KSTCP IIF POSITIVE, THERE IS AN INPUT ERROR) 
C 
C COMMON WITH FUNCTION PSIFUN AND SUBROUTINE PSICOEF 
C NJ, TJIJl, PSIJIJ) 
C 
C IF AN INSTANTANEOUS JUMP OCCURS AT TJ, THE VALUE OF PSI TO 
C THE LEFT OF THE JUMP IS RETURNED. 
C 

DIMENSION TJS(99),TJMP(50),PSIJMP(50),TMAX(50),PSIMAX(50) 
COf'M0N/PULSE/NJ,TJ(99) ,PSIJ(99) 

C.•..«... TITLE, DATA INPUT, AND INITIALIZATIONS 
READ 286,NJ 
READ 285,ITJIJ),PSIJIJ),J = 1,NJ) 
PRINT 29C 
KSTOP=0 
INSTJMP=C 

C«^**.... CHECK ORDERING OF INPUT CARDS 
DO 201 J=2,NJ 
IFITJIJ).LT.TJIJ-1)) GO TO 280 

201 CONTINUE 
C'..*.... TO AND TF 

T0=TJI1) 
TF=TJINJ) 

C«.....*. TYIELD AND INSTJMP 
IFlPSIJID.GT.l.O) GO TO 204 
DO 203 J=2,NJ 

IFIPSIJIJI.GT.l.O.AND.PSIJIJ-D.LE.l.O) GO TO 205 
203 CONTINUE 

GO TO 281 
204 INSTJMP=1 

JYIELD=1 
TYIELD=TC 
GO TO 2C9 

205 JYIELD=J 
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IFITJIJ).EQ.TJ(J-1)) GO TO 2C5 
TY1EL0=ITJ( J-1)«IPSIJI J)-1.0)*TJ(J)»(l.O-PSIJI J-1U)/IPSIJ(J)-

1 PSIJIJ-ll) 
GO TO 209 

205 INSTJMP=1 
TYIELO'TJIJ) 

209 CONTINUE 
C***««.»* TOTIMP,PLASIMP,TMEAN 

TOTIMP»0.C 
00 210 J=2,NJ 

210 TOTIMP = TCTIMP+:(PSIJ( JI+PSIJI J-11 ) • I T Jl J )-T J I J-1) 1/2.0 
IFlINSTJMP) GO TO 212 
PLASIMP=IPSIJ(JYIELD)*1.0)»ITJIJYIEL0)-TYIEL0)/2.0 
AUXTM = I2.0»PSI JIJYI ELD)+ 1.0) "(TJUYI ELD)-TYIELD) ••2/5.0 
GO TO 213 

212 PLASIMP=C.0 
AUXTM«0.0 

213 JJ«JYIELC+1 
DO 214 J=JJ,NJ 
PLASIMP = PLASIMP + (PSIJ( J)+PSU( J-1))»ITJ(J)-TJ( J-l))/2.0 
AUXTM=AUXTM+(PSIJ(J)»(2.0»TJ(J)+TJ(J-l)-3.0»TYIELD)+PSIJIJ-l)» 

1 |TJIJ)+2.C«TJIJ-l)-3.0«TYIELD))»(TJ(J)-TJtJ-ll)/6.0 
214 CONTINUE 

TMEAN=AUXTM/PLASIMP 
EFFWIOTH=2.0»TMEAN 

C«.•••*.. NOMAX, TMAXIK), AND PSIMAXIK) 
NOMAX=(l 
IF(PSIJI2).GT.PSIJIII) GO TO 221 
N0MAX=1 
PSIMAXI1)=PSIJI1) 
TMAXI1)=TJI1) 

221 00 223 J=3,NJ 
IFIPSIJIJ-D.GT.PSI J(J-2).ANC.PSIJ( J).LE.PSIJI J-l))222.223 

222 N0KAX=N0MAX+1 
PSIMAXINCMAX)=PSIJIJ-1) 
TMAXINOMAX)=TJIJ-1) 

223 CONTINUE 
IF(PSIJ(NJ).GT.PSIJINJ-1I)224,225 

224 NaMAX=NCMAX+l 
PSIMAXINCMAX)=iPSIJlNJ) 
TMAXINOMAX)=TJ(NJ) 

225 CONTINUE 
C SCALING OF TIMES BY PLASTIC IMPULSE 

00 230 J=1,NJ 
230 TJS(J)=TJIJ)/PLASIMP 

C«.» NOJMP, TJMPIK), AND PSIJMPIK) 
NOJMP^C 
DO 241 J=2,NJ 
IF(TJ(J).EQ.TJ(J-1)) 240,241 

240 NGJMP«NCJMP+1 
TJMP(NOJMP)=TJ(J) 
PSIJMPINCJMP)-PSIJIJ)-PSIJIJ-1) 

241 CONTINUE 
C*..••.*• PRINTOUTS OF PULSE DATA AND ERROR MESSAGES 

PRINT 294,1J,TJIJ),PSIJIJ),TJSIJ),J=1.NJ) 
RETURN 

280 KST0P=1 
PRINT 291 
PRINT 292,IJ,TJIJ),PSIJIJ),J=1,NJ) 
RETURN 

281 KST0P=1 
PRINT 293 
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PRINT 292,IJ,TJIJ),PSIJIJ),J=1,NJ) 
RETURN 

C........ FORMATS 
285 F0RMATI2E15.7) 
286 FORMATI12) 
290 F0RMAT(1HC,7X.SUBROUTINE PULSEINF IS PIECEWISE LINEAR VERSI0N»/8X 

1 .THE PULSE SHAPE IS DESCRIBED BY GIVING VALUES OF PSI(J)«/8X 
2 •AT NJ POINTS OF TIME T(J) AND USING LINEAR INTERPOLATION*) 

291 FORMATI1H0,7X^INPUT CARDS ARE OUT OF ORDER*) 
292 F0RMATI1H0,7X*PULSE INPUT DATA^/3X»J^8X*T*15X*PSI*/I 14,2E17. 7) ) 
293 FORMATI1HO,7X»NO PLASTIC FLOW OCCURS IPSI NEVER EXCEEDS 1.0)*) 
294 FORMATI1HO,7X*PULSE INPUT DATA*/3X*J*8X»T*15X*PSI»14X*T/1*/ 

1 II4,3E17.7)) 
END 

FUNCTION PSIFUNIT) 
C 
C SUBROUTINE WHICH PROVIDES RINGLOAD PROGRAM WITH VALUES OF PSI. 
C 
C PIECEWISE LINEAR VERSION. 
C THE PULSE SHAPE IS DESCRIBED BY GIVING PSI VALUES AT A NUMBER OF 
C TIME POINTS A.NC USING LINEAR INTERPOLATION. 
C 
C INPUT 
C T (TIME AT WHICH PSI IS WANTED) 
C 
C OUTPUT 
C PSI (PULSE MAGNITUDE AT T) 
C 
C COMMON WITH SUBROUTINE PULSEINF 
C NJ, TJIJ), PSIJIJ) 
C 

C0MMDN/PULSE/NJ,TJ(99),PSIJ(99) 
PSIFUN = C.." 
IF(T.LT.TJ(1).0R.T.G£.TJ(NJ)) RETURN 
DO 304 J=2,\J 

IFIT.GE.TJIJ-1).AND.T.LT.TJIJ) ) GO TO 305 
304 CONTINUE 
305 PSIFU,^.= (PSlJ(J-i).|TJIJ)-T) + PSIJ(J).|T-TJIJ-l)))/,TJ(J)-TJ(J-l)) 
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SUBROUTINE PSICOEFIT.SPSI) 

C SUBROUTINE WHICH PROVIDES RINGLOAD PROGRAM WITH THE COEFFICIENTS 
C OF THE POWER SERIES EXPANSION OF PULSE SHAPE PSI. 

C PIECEWISE LINEAR VERSION. 
C THE PULSE SHAPE IS DESCRIBED BY GIVING PSI VALUES AT A NUMBER OF 
C TIME POINTS AND USING LINEAR INTERPOLATION. 

C INPUT 
C T I TIME ) 
C 
C OUTPUT 

C SPSIIN) INTH DERIVATIVE CF PSI DIVIDED BY N FACTORIAL AND 
C EVALUATED AT T FOR N = 1,2,3,4) 

C COMMON WITH SUBROUTINE PULSEINF 
C NJ, TJIJ), PSIJIJ) 
C 

DIMENSION SPSI(4) 
COMM0N/PULSE/NJ,TJ(99),PSIJ I 99) 
SPSII1)=SPSI(2)=SPSI(3)=SPSI(4)=0.0 
IFIT.LT.TJID.OR.T.GE.TJINJ)) RETURN 
00 354 J=2,NJ 
IFIT.GE.TJIJ-1).AND.T.LT.TJIJ) ) GO TO 355 

354 CONTINUE 
355 SPSII1)=(PSIJIJ)-PSIJIJ-1))/ITJIJ)-TJIJ-1)1 

END 

SUBROUTINE PULSE INFITAUO,TAUF,TYI ELD,TOT I MP,PLASIMP,TMEAN^NOMAX, 
1 TMAX,PSIMAX,INSTJMP,NOJMP,TJMP,PSIJMP,KSTOP) 

C 
C SUBROUTINE WHICH PROVIDES RINGLOAD PROtRAM WITH BASIC INFORMATION 
C ON PULSE SHAPE. 
c 
C EXPONENTIAL DECAY VERSION. 
C THE PULSE IS A LINEAR RISE FCLLCWED BY AN EXPONENTIAL DECAY 
C PSI=PSIM*IT-TAUO)/ITAUM-TAUO), TAUO.LE.T.LE.TAUM 
C PSI=PSIM*EXPF(-(T-TAUM)/TAU1, TAUM.LT.T.LE. TAUF 
C 
C REQUIRED INPUT FROM DATA CARD AND COMMON WITH PSIFUN AND PSICOEF 
C TAUC.TAUM,TAUF,TAU,PSIM 
C 

DIMENSION TMAXI1),PSIMAXII),TJMP(11,PSIJMPI1) 
COMMON/PULSE/TO,TM,TF,TAU,PSIM 

C******** DATA INPUT AND TITLE 
READ 29C,T0,TM,TF,TAU,PSIM 
PRINT 29),TO,TM,TF,TAU,PSIM 
TAUO=TO 
TAUF=TF 
KSTOP=;0 
IFIPSIM.GT.l.C) GO TO 203 
KST0P=1 
PRINT 292 
RETURN 

C******** TYIELO, INSTJMP,NOMAX,TMAX,PSIMAX,NOJMP,TJMP,PSIJMP 
203 IFITM.GE.TO.ANO.TF.GE.TM) GO TO 205 
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KST0P=1 
PRINT 293 
RETURN 

205 NOMAX=.l 
PSIMAXI1)=PSIM 
TMAXI1)=TM 
IFITM.GT.TO) GO TO 208 
INSTJMP=N0JMP=1 
TJMPI1)=TYIELD=T0 
PSIJMPI1)=PSIM 
GO TO 21C 

208 INSTJMP=NCJMP=0 
TYIELD=TC+ITM-TO)/PSIM 

C*....... TOTIKP AND PLASIMP 
210 EXPINT=PS1M.TAU.I1.0-EXPFIITM-TF)/TAU)) 

IFITM.GT.TO) GO TO 212 
TOTIMP=PLASIMP=EXPINT 
GO TO 215 

212 T0TIMP=PSIM.|TM-T0)/2.0+EXPINT 
PLASIMP=PSIM»ITM-TYIELD)«ITMtTYIELD-2.0.TO)/l2.O.|TM-TO))+EXPINT 

C****<.** TMEAN 
215 TEXPINT = PSIM*TAU^(TM+TAU-TYIELD-(TF + TAU-TYIELD)*EXPF((TM-TF)/TAU)) 

IF(TM.GT.TO) GO TO 217 
TMEAN=TEXPINT/PLASIMP 
GO TO 219 

217 TTINT=PSIM*I2.0^TM^«3-3.C»tTYIELO+TO)*TM»*2+5.0»TYIELD*TO*TM 
1 +ITYIELC-3.0*TC)^TYIELD.»2)/I6.0*ITM-T0)) 
TMEAN=ITTINT+TEXPINT)/PLASIMP 

219 CONTINUE 
RETURN 

C><>^«^^^ FORMATS 
290 FORMATI5E15.7) 
291 FORMATI1H'',7X^SUBROUTINE PULSEINF IS EXPONENTIAL DECAY VERSI0N»/8X 

1 •THE PULSE IS A LINEAR RISE FOLLOWED BY AN EXPONENTIAL DECAYS 
2 /13X^PSI = IPSIM)IT-TAUO)/ITAUM-TAU), TAUO. LE.T.LE.TAUM,* 
3 /13X^PSI = IPSIM)EXPFI-IT-TAUM)/TAU) , TAUM. LT.T. LE .TAUF ,.* 
4 /13X.TAU0 =.E12.5^, TAUM =^E12.5«, TAUF =*E12.5 
5 •• TAU =•£12.5., PSIM =^E12.5) 

292 FORMATI1HC,7X.NO PLASTIC DEFORMATION OCCURS SINCE PSI NEVER * 
1 .EXCEEDS l.O^) 

293 FORMATI1HO,7X*ERROR IN INPUT DATA*) 
ENC 

FUNCTION PSIFUNIT) 
C 

C SUBROUTINE WHICH PROVIDES RINGLOAD PROGRAM WITH VALUES OF PSI. 

C EXPONENTIAL DECAY VERSION. 
C THE PULSE IS A LINEAR RISE FOLLOWED BY AN EXPONENTIAL DECAY. 

COMMON/PLLS£/TO,TM,TF,TAU,PSIM 
PSIFUN=C.O 
IFIT.LT.TC.OR.T.GT.TF) RETURN 
IF(T.GE.TO.AND.T.LT.TM) 304,305 

304 PSIFUN=PSIM.|T-TO)/ITM-TO) 
RETURN 

305 PSIFUN=PSIM^EXPFIITM-T)/TAU) 
END 
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SUBROUTINE PSICOEFIT.SPSI) 
C 
C SUBROUTINE WHICH PROVIDES RINGLOAD PROGRAM WITH THE COEFFICIENTS 
C OF THE POWER SERIES EXPANSION OF PULSE SHAPE PSI. 
C 
C EXPONENTIAL DECAY VERSION. 
C THE PULSE IS A LINEAR RISE FCLLOWED BY AN EXPONENTIAL DECAY. 
C 
C INPUT 
C T ITIME) 
C 
C OUTPUT 
C SPSIIN) INTH DERIVATIVE CF PSI DIVIDED BY N FACTORIAL AND 
C EVALUATED AT T, FOR N = 1,2.3,4) 
C 

DIMENSICN SPSII4) 
COMMON/PULSE/TO,TM.TF,TAU,PSIM 
DO 350 1=1,4 

350 SPSII I)=C.O 
IFIT.LT.TC.OR.T.GT.TF) RETURN 
IF(T.GE.TO.ANO.T.LT.TM) 354,355 

354 SPSII1)=PSIM/ITM-TC) 
RETURN 

355 E»PSIM*EXPFIITM-TI/TAU) 
SPSIll)=-E/TAU 
SPSII2)=£/I2.0*TAU*^2) 
SPSII3)=-£/(6.0*TAU**3) 
SPSII4)=£/I24.0*TAU**4) 
END 



58 

ACKNOWLEDGMENTS 

I wish to thank G. S. Rosenberg of the Reactor Engineering Division 
for suggesting this problem and P. G. Hodge, J r . , Professor of Mechamcs. 
Illinois Institute of Technology, for his comments. 

REFERENCES 

1. P. S. Symonds, Dynamic Load Character is t ics in Plastic Bending of 
Beams, J. Appl. Mech. ^ (1953), pp. 475-481. 

2. P. G. Hodge, Jr . , The Influence of Blast Character is t ics on the Final 
Deformation of Circular Cylindrical Shells, J. Appl. Mech. _23 (1956), 
pp. 617-624. 

3. G. Eason and R. T. Shield, Dynamic Loading of Rigid-plastic Cylindri-
cal Shells, J. Mech. Phys. Solids ^ (1956), pp. 53-71. 

4. D. C. Drucker, "Limit Analysis of Cylindrical Shells under Axially 
Symmetric Loading," Proceedings of the F i r s t Midwest Conference 
on Solid Mechamcs, pp. 158-163(1953). 

5. P. G. Hodge. J r . . Limit Analysis of Rotationally Symmetric Plates and 
Shells, Prentice-Hall, Inc., Englewood Cliffs. N. J. (1963), Ch. 3. 

6. N. W. Clark, DIFSUB, 3600 FORTRAN Subroutine Which Per forms 
One Integration Step for a System of F i r s t Order Ordinary Differential 
Equations, ANL Library Subroutine ANL-D250 (1966). 



1.1 
4444 00007966 5 


